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Kinetic art - a comparatively new art

form which exploits technology to create

light, colour, and motion—is an exciting

medium which is increasingly popular 759.0673
with both students and professional artists. TOVEY, JOHN

Many techniques for creating kinetic art
have been discovered in response to THE TECHNIQUE OF KINETIC ART.

artists’ needs, and this comprehensive 80 0 09 7 2 ,

book presents them in a clear and detailed

way. 80 05972

159.0673

John Tovey, a lecturer in Experimental
TOVEY, JOHN

Design at Kingston upon Hull College of Art,
has written this basic book on kinetic

technique so that students will be able to THE TECHNIQUE OF KINETIC ART.
spend more time on the creative side of 1000
their work and less time rediscovering for
lished methods. A 7y
themselves already established APR 72 5 Q0
The book is in three parts: Part | covers w" \ 0 m

Vision and Perception, lllusion, and

llusory Movement; Part || deals with

Light and Simple Optics, Colour, and the
Use of Light; Part Il conciders Mechanical,
Electro-mechanical, and Electronic Control
of Light, Basic Circuits, Electricity, and
Low Voltage Supplies and Retification.

The text is amplified by instructive
photographs and line drawings plus 18
Illustrations in full colour.

Technical appendices, a bibliography, a

list of suppliers and an index add to the San Mateo Public Library
usefullness of a book which has been §an Mqteo, CA 94402
planned to meet the needs of students and QUESUGHS Answered

practising artists, providing them with the
technical background necessary to pursue
in greater depth any aspect of kinetic art.
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18 colour plates
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Preface

[ fully realise that there is no such thing as a
‘technique’ of kinetic art, and that techniques
are discovered or created in response to the
needs of the individual artist when striving to
express his ideas. However, there are certain
techniques and areas of knowledge that are
frequently of value when exploring both real
and virtual kinetic effects, and this book has
been written in the hope that sudents may be
able to spend more time and energy on the
creative side of their work and less on re-
discovering for themselves already established
techniques from widely differing sources.
Often when a student realises what knowledge
he requires, he 1s either baffled by the com-
plexity of technical literature or frustrated by
the lack of books between the simple, non-
technical books and the technical textbooks.
In planning the content and format of this book
I have been influenced to some extent by the
needs of the Diploma in Art and Design, Fine
Art, and Foundation Course students with
whom I have been working for the past few
years, and I hope that it will provide sufficient
information on the various subjects to enable
students to pursue in greater depth any topic
that particularly interests them.

A knowledge of technique alone will not make
an artist, but it may well prevent a potentially
good student from giving up in despair when
he realises that he is faced with an ever increas-
ing volume of technical knowledge 1n the
development of his 1deas.

To the American reader

There are certain small differences between
English and American terminology and prac-
tice. Most of these will be obvious to the dis-
cerning readerbutthereare two pointsinvolving

electrical safety which should be emphasised.
'I'he colour coding of cables in Great Britain
has been altered to conform to accepted
international standards and is now as follows:

Line brown
Neutral light blue
Earth green/yellow

T'he colours were chosen to assist identification
by tone in semi-darkness, and to obviate
mistakes due to colour blindness. The former

colours of /ine red; neutral black; earth green
are no longer used.

The American equivalents are:
Line (power line) black
Neutral white
Earth (ground) green

The mains supply in Great Britain 1s 240 volts
A.C. at s0 Hz and the American supply 1s
115 volts at 6o Hz. Any British apparatus used
must be either modified to operate on the
American voltage of 115/120 volts A.C. 60 Hz
or preferably run from a mains transformer
which steps up the voltage. In a few cases
certain components may not be tolerant of the
change of frequency. In Chapters 11 and 12
halve the voltage and double the amperage in
the arithmetical examples dealing with British
mains voltage to alter them to the American
standards.

Dr R. G. Costello of the Cooper Union for the
Advancement of Science and Art 1s responsible
for compiling the US Bibliography and the
list of American suppliers.
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Introduction

The primitive eye, single celled, is no more
than a detector of light and darkness. The
multi-celled eye, such as the fly’s eye or the eye
of the trilobite fossilized 500 million vears
ago, 1s a group of single-celled eyes, and is a
movement detector, as different cells can
register different intensities of illumination
simultaneously, and the shadow of advancing
danger cuts off the light to the cells in turn.
In the human eye, instead of each cell having
its own lens and receptor, there is one lens
only, and the receptors lie in the back of the
eye. T'his means that the receptors can be
closer together, and give much finer detail
than the multi-celled eye. In addition, the
receptors have evolved in two ways, some
becoming more efficient in tonal, or light and
dark wision, others developing sensitivity to
colour (see chapter r). The eye, as well as
retaining its primary utilitartan function, has
finally allowed man to respond to wvisual
aesthetic experience.

The earliest works of art yet discovered, the
cave paintings of Altamira, show that mankind
was concerned with depicting animals with the
appearance of being in motion. This awareness
of movement in primitive man was not solely
an artistic interest, it was necessary for his very
survival as a hunter.

T'he preoccupation with movement has never
been lost, and although the works of some
periods, eg, the frescoes and paintings of the
Egyptians and Byzantines, are less concerned
with movement, the works of other periods,
such as the Italian Renaissance, are full of
movement. In the early part of the twentieth
century the camera proved to be a disappoint-
ment, as the photographs did not capture
movement or the sense of movement, but froze
it instead. With the development of the camera
and of new photographic techniques it 1s now
possible to give the final print a sense of move-
ment equal to that achieved by the artists of
the past.

When electricity became a practicable source
of power for light, inevitably a ‘light organ’
appeared as a means of mixing and fading banks

of lights projected on to a screen. In this way
time became a factor. Hitherto a work had
occupied two or three dimensional space, but
had not changed. Now the work had to be
watched for a definite length of time, until the
cycle of change was completed and, as in music,
the form of the work had to be retained in the
mind until the sequence was complete.
Physical movement can also be used quite
easily with small electric motors, and in a
kinetic work the light may be static (natural or
artificial), and an object on which it falls may
be 1n motion.

T'he rapid advance of electronic knowledge has
brought sensitive control systems which can
cause light or moving objects to react to sound,
light or movement, controlled or caused by
the spectator. 'T'his has introduced cybernetics,
or the science of control and communication,
into kinetic art, and has made possible large
scale works 1n which the environment reacts
to the individual instead of vice versa.

At the same time, the increasing knowledge of
the workings of the eye and the brain, and
nervous system generally, enabled a completely
different approach to be evolved. The brain
can be deceived into registering movements if
the correct stimuli are presented to the eyes,
although 1n fact no actual movement 1s taking
place (see chapter 2).

Collateral with this, another type of kinetic
work has been developed in which the move-
ment of the spectator past the object either
creates a sense of movement in part of the work,
though the work itself i1s entirely static, or by
means of mirrors or lenses causes parts of the
work to appear to move rapidly in response to
the slower, smaller movement of the spectator.
In works of these types the physical properties
of the eye-brain system and the psychology of
perception are exploited.

Kinetic art, therefore, may be divided into two
main types, one in which the movement 1s
virtual, and one in which it 1s actual. The latter
area may be subdivided into two groups, the
two dimensional and three dimensional.
Actual movement in the three dimensional
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group can be produced by a motor or motors,
or may be random, caused by air currents.
Mechanical movement is essentially repetitive,
although the time cycle may be quite long,
particularly if the length of the overall cycle 1s
determined by the combination of a number
of subsidiary cycles of varying lengths which
only very infrequently are in phase together.
Cybernetically controlled movement stands
between the two sub-groups, as although 1t 1s
produced by mechanical means, the control of
this movement relies for its operation on
transducers which respond to changes in the
environment (ie, temperature, air pressure,
light intensity, wind speed, spectator prox-
imity). Whilst each transducer has predictable
and predetermined responses to any given set
of parameters, the movements resulting from
a number of transducers reacting simul-
taneously to different sets of parameters will
have a random quality because of the almost
infinite number of possible combinations of
kind and degree obtainable with even a few
transducers. Movement may also be mnitiated
actively by the spectator, as he may be invited
to operate controls or may have to supply the
motive power himself via a handle or lever.
T’The movement of a mobile in currents of air
may be considered as random, because although
*ach individual part can move only within the
[imits set by 1ts linkage, the juxtaposition of the
parts within the whole 1s determined by chance
movements of the surrounding air.

Virtual movement 1s also of two types, the
tllusory movement caused by the reactions of
the retinal system and apparent movement
resulting from actual movement of the spec-
tator. 'I'he virtual movement may be perceived
as the instability of a surface, which in turn i1s
the result of a rapid twitching of the muscles
of the eveball (nvstagmus) induced by over-
loading the visual system. The juxtaposition
of intense colours also causes a similar effect
and 1 this instance the colours apparently
undergo subtle changes, as the eye twitches.
Movement of the spectator causes apparent
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movement of the object when there are two
interactive elements sufficiently far apart for
movement to cause apparent displacement.
This 1s particularly noticable in the moiré
fringe effects based on two sets of straight or
curved lines, the upper one being either a
transparent sheet, oralinear element suspended
or constructed in front of a regularly lined
surface. Compositions on projecting blades
require spectator movement on a larger scale
to transform the appearance of the composition.
This book is not about kinetic art as such, but
the means by which it is produced. It is not
intended that 1t should be read through, but
that it should serve as a reference book from
which 1deas may be taken and employed 1n
individual ways.

Part I deals with vision and perception, the
physical and psychological aspects of inter-
preting the visual stimuli. Part Il covers light
and optics; the way that coloured lhight and
pigment can be used, and the methods by which
light 1s controlled by lenses and mirrors. In
Part 11 the control of the light source itself is
considered, from three points of view ; mechan-
ical control by masks or discs; switches and
dimmers controlled manually or by small
motors, and electronic control, which covers
the control of light by sound, frequency,
ambient 1llumination, etc. Part Il 1s con-
cerned with the basic electrical knowledge,
measurement of electrical quantities, circuits,
low voltage supplies, rectification and stabili-
sation.

I'he appendices include technical information
on the construction of various items of equip-
ment, calculations and tables.

T'he subject 1s so vast that it is impossible to do
more than touch on the many aspects of kinetic
art. T'here are some omissions, and in the
electronic section particularly, explanations
have had to be almost over-simplified to keep
the book within reasonable limits. It is hoped
that the book will provide the starting points
from which to work, and some of the techniques
which may be employed.



Part I
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1 Vision and perception

(a) Physical system

Physically the optical system 1s very similar to
a computer. In response to an external stimulus
the specialised nerve cells in the eye send a
train of electrical impulses along the con-
necting nerve fibres to the brain, which accepts
the information represented by the coded
signals, and then acts upon the total infor-
mation available, ie, that represented by the
train of incoming pulses, and the existing
information already i1n the memory-store
within the brain. The electrical currents
involved, though small by everyday standards,
are quite large by electronic standards, being
some tens of milliamps at about 100 millivolts.
The nerve fibres at rest are negatively charged
(—60 to —8o0 mV), and when transmitting
become slightly positive (about 20 to 4omV).
The frequency of the pulses varies with the
intensity of the stimulus, and may be up to
1,000 pulses per second. T'hus there 1s a very
real similarity between the perceptual system
and a {:(}mputer.

T'he eve itself 1s approximately spherical and
about the same size as a table tennis ball ().
‘I'he front of the eye 1s transparent, and has a
protruding dome, the cornea (r1.:1). Behind
this lies the crystalline lens (r.7:), flatter at the
front than at the back. The amount of Light
falling on the lens i1s controlled by the size of
the aperture, or pupil, (7.2:z1) in the ir1s (1.1 ).
T’he space between the cornea and the lens is
filled with a fluid substance, the aqueous
humor (r.z). The main cavity within the eye
s filled with a jelly, the vitreous humor (1.v1),
and at the back of the eye and reaching round to
the sides, the retina (r.viz). Immediately
opposite the lens, at the back of the eye, is the
fovea (1.vii), the most sensitive region of the
retina, and on the nasal side of the eye the optic
nerve (I.x) leaves the eye, creating an in-
sensitive ‘blind spot’ where 1t does so.

I'he cornea and lens act in the same way as the
lens of a camera: they focus the incoming rays
of light on to the retina, forming a small in-
verted image on the back of the eye. T'he cornea
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does most of the focussing, as the light passes
from the less dense air into the denser medium
of the eye. The refractory index of the lens i1s
only slightly higher than that of the aqueous
humor, so the lens cannot bend the light very
much (see chapter 4 and 1c¢). Its importance
lies in accommodation for near and distance
vision, the lens becoming thicker for nearer
objects.

The retina, on which the image falls, 1s an
extension of the brain which has become
sensitive to light. T'he cells furthest from the
brain are the photo-receptors, connected by a
layer of brain cells to the optic nerve, and
forming a computing layer for processing the
information from the receptors. T'he brain
itself therefore receives information already
reduced to 1ts essentials by the brain cells 1n
the eve.

1 The anatomy of the eye

1 Cornea vi Vitreous humor
1t Crystalline lens vit  Retinal layer
it Pupil vl Fovea

iv Iris ix  Optic nerve

v Aqueous humor x  Blind spot



1'he nerves from the retina are grouped into a
left and a right section from each eye. The
nerves from the left side of both eyes go to the
left half of the brain, and those from the right
side to the right side of the brain, so that the
brain compares and processes the signals from
the same side @f both eyes together.

"T'he retina itself 1s a mass of microscopic light-
sensitive cells or receptors of two kinds, rods
and cones. The rods function in light of low
intensity and provide only monochromatic
vision, whilst the cones function in high
intensity illumination (daylight or strong
artificial light), and give colour vision. Day-
light vision using cones is called photopic
vision, and vision 1n a dim light using rods is
called scotopic vision.

Photopic vision i1s centred on the fovea where
the cones are smallest 1in size and most closely
packed together to form the area of the retina
which gives the greatest visual detail. The size
can be stated in two different ways. T'he smallest
receptors of all, right in the centre, measure
only one micron across (one thousandth of a
millimetre, see Appendix section A), and 1n
optical terms subtend an angle of about 24" of
arc, 1e, the angle represented by lines from the
two sides of a capital letter M in this book held
10°8 m (12 yards) away.

According to the most widely held theories
there are three types of cones, each type reacting
to light of a different wave length (see chapter
5), to give colour vision. The cones are less
sensitive to low levels of illumination than the
rods, and the proportion of cones to rods
becomes less as the distance from the fovea
Increases (2).

The rods represent a more primitive stage in
the development of the eye. They are more
sensitive to light than the cones, and as the edge
of the retina i1s approached they become no
more than detectors of the movement of
shadows. At the extreme edge of the retina the
stimulation of the receptors does not even
produce a visual sensation, but causes a reflex
movement of the eye towards the position of
the movement.

The whole of this complex system of light
sensitive cells, computing cells and nerve
fibres at the back of the eye is apparently inside
out (3). The receptor cells are on the back of

2 Rod-cone distribution on the retina
2 a Inmitiation of movement

2 b Scotopic vision

2 ¢ Fovea (photopic vision)

/\

I

3 The muversion of the retinal layer of nerves

the retina, and the light has to pass through the
layer of connecting nerve fibres and the com-
puting layer before reaching the rods and
cones. l'his 1s a result of the development of
the eye from the brain before birth (4).

4 The development of the eye in the foetus



(b) Perception of brightness

The rate of firing of the receptors 1s controlled
by the strength of the stimulus, the stronger
the light the higher the rate of firing. 'T'he
reaction to a stimulus 1s proportional to the
logarithm of the stimulus, and not simply to
the size of the stimulus. This means that to
produce a light apparently twice as bright as
another the intensity of light has to be squared.
[f the intensities of five lights in a row are
controlled so that they appear to increase in
brightness in four equal steps the value of the
current through each bulb will be tfound to
have been multiplied by a constant factor for
each stage (5).

Intensity

O

—_—
Apparent brightness

5 Graph of intensity plotted against brightness

A corollary of this 1s that a small increase in
brightness at a low general level of illumination
will be perceived, but a very much greater
increase 1s needed at higher levels of illumina-
tion. In other words, the least discernable
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difference between an object and its back-
oround is a constant fraction of the general
level of illumination. An actual increase In
brightness which is adequate in moonlight
will be barely perceptible in artificial light, and
impossible to detect in daylight. 'T'hus the eye
which can see quite clearly in moonlight 1s
undamaged by strong sunlight. As 1t becomes
dark-adapted 1t becomes more sensitive to
small stimuli, but loses the power to distinguish
fine detail or rapid changes in intensity, be-
cause the retina needs stimulating over a
greater area and for a longer time before 1t will
react (see Appendix page 132).

This is partly to overcome the effects of residual
neural activity on the brain, which may be
likened to the ‘noise’ in a radio, tape-recorder,
etc. If the level of 1llumination 1s low the signals
reaching the brain are very little stronger than
the random signals of the ‘noise’, which are
rejected by the brain, and so the spatial and
temporal increase in stimulus 1s demanded by
the brain to differentiate between ‘noise’ and
signal.

T'he degree ot contrast between an object and
its background also has an effect on perception.
An area of constant brightness will appear to be
brighter on a dark ground than on a light
ground, and vice versa. Only the edges of an
area of uniform intensity of illumination are
signalled to the brain, the receptors covering
the area itself and the field around it remaining
silent. 'T'his process, called lateral inhibition, is
quite simply demonstrated diagrammatically.
(6a) (A) and (B) are the light sensitive re-
ceptors, and a layer of computing cells re-
spectively, and the connecting fibres are
shown at (C). One fibre from each cell in (A)
connects with a cell in the next layer on either
side, this link being an inhibitory link, and a
pair of fibres connects with the cell immediately
below 1t forming an excitory link. If all four
cells in A are equally stimulated, each cell in B
will receive from the cell above it two direct
impulses which will be cancelled by the two
inhibiting impulses, one each from the cells on
either side, and the whole group will remain
sitlent. (6b) If cells (1) and (i1) in layer A are
now strongly illuminated, and cells (i11) and
(1v) less so, A (1) and (11) will signal a high level
and A (11) and (1v) a low level of light intensity.



Cells B (1) and (iv) therefore will have the two
Incoming excitatory signals cancelled by the
inhibitory signals as before, and will remain
silent. B (1) will receive two stimuli to fire,
from A (i1), but only one cancelling stimulus,
from A (1), and so will signal the presence of a
light-dark boundary, left light and right dark.
B (111) will be actively inhibited from A (i1) and
confirm the signal from B (i1). Along similar
lines, the visual system effects a considerable
economy of neural energy, both in the trans-
mission and the interpretation of signals. The
effects which may be attributed to this are
discussed on pages 27 to 29.

[ [ i v

Aoh b

6 a Operation of the computer layer

l I i v

6 b FEdge-detection in the computer layer

(c) Perception of movement

The eye 1s primarily a detector of movement,
for which it utilises two different systems which
work in conjunction, a retinal system and a
muscular system. The retinal system depends
on the receptors firing sequentially as an image
moves across the retina (7a ), and the muscular
system depends on the movements of the eye
within the eye socket, the image remaining
relatively stationary on the retina (7b).

As most types of receptors signal only the
changing of the intensity of illumination, they
will fire only when a shadow edge passes them,
the velocity of the object causing the shadow
being judged by the interval between the firing

7 a Sequential firing of receptors (retinal movement

system )

7 b Eye movement in the socket (muscular movement
system )

of the receptors. There 1s no need for a back-
ground against which to judge the movement,
a small light moving in a completely dark room
will stili give rise to the sensation of movement,
with the eyes held stationary within the head.
[f, undersimilar conditions, the lightis followed
with the eyes, thus effectively fixing the image
upon the retina, a sensation of movement is
still registered. This involves the muscular
system of movement recogniton, in which the
movement of the eyes relative to the head gives
rise to the necessary signals.

When the eyes are moved in the head the com-
plete field of view sweeps across the retina, but
this does not give rise to the sensation of move-
ment. T"he most logical theory to explain this
apparent contradiction is that the movement
signals given by the retinal system are nullified
by the orders given by the brain to the muscular
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system which originally initiated the move-
ment, with a suitable delay to allow the arrival
of the signal from the retinal system to coincide
with the arrival of the nullifving signal from
the muscular system.

(d) Interpretation of depth

Depth perception, like movement, depends on
two different systems, one involving the move-
ment of the eyves in the head, and the other
dependant on the difference between the
images from the left and right eyes. The
observer's previous experience and memory
play a considerable part in interpreting the
signals from these two systems.

'I'he angle of convergence between the eyes
gives the indication of depth derived from the
muscles of the eyeball. A distant object (8a)
will be seen with only a small angle of con-
vergence, while a near object will need a much
greater angle (&8b). 'T'his system becomes
ineffective beyond about 100 metres (100
vards), as the visual axes become substantially
parallel.

&8 b Large angle of convergence (near object )

8 a Small angle of convergence (distant object)
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o  Binocular vision : near and far corners of a cube

The disparity between the images from the
right and left eyes enables whole objects to
be seen three-dimensionally. T'he convergence
angle differs considerably when looking at the
near and far corners of a 6oo mm (2 foot) cube
at 2 m (6 feet) (g /), but with the eyes fixed at
the near corner the whole cube 1s seen as a
solid because of this disparity (ro). This
system ceases to be effective beyond the point
at which the difference between the 1mages
becomes too small to be perceived, at about 8
metres (8 yards).

The observer’s interpretation 1s therefore
paramount in perceiving depth beyond any
but comparatively short distances, and 1t 1s 1n
this field that the eye-brain mechanism may

10 Stereoscopic vision : disparity between images on
the left and right retinas

be most easily deceived. Judgement of distance
depends on assumptions regarding the shape
and size of objects, the direction of light, and
lack of clarity of vision. This 1s discussed in
chapter 2.
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(e) Photopic vision

Under conditions of low illumination only the
rods are functioning, giving the monochromatic
vision known as scotopic. Photopic vision 1s
provided by the cones functioning in high
illumination and giving colour vision.

The first theory of colour vision was advanced
by Young in the early nineteenth century, and
developed by Helmholtz. Despite attempts
since to devise others, the Young-Helmholtz
theory is still the most satisfactory. Itis, simply,
that there are three types of cones, each one
maximally sensitive to light of a definite
frequency or wavelength, those giving rise
to the sensations that are called red, green,
and blue (see chapter 5, Colour). Diagram 11
shows the colour response curves for the three
types of receptors. T'herefore, any colour that
we see must be composed of a mixture of some
or all of three primaries in varying proportions,
and conversely, all the spectral colours and
white light can be made by suitable mixtures
of the three primary lights, red, green, and blue
(or blue-violet). The area of overall maximum
sensitivity 1s in the yellow and yellow-green
regions, but as the general level of illumination
falls and the photopic vision 1s replaced by
scotopic vision, the maximum sensitivity
shifts towards the shorter wavelengths, into
the blue-green area (12).

S =

Relative luminosity

O

400

500

my
Wavelength of light

11 Colour response curves
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rz  Purkinje shift

(f) Interpretation

The information presented to the brain has to
be interpreted, and the appropriate response
evoked. 'T'he incoming data has to be compared
with the memory store, similarities with
previous experience noted, and a final decision
made.

In the case of moving objects a rapid processing
of information may be essential for survival,
and the brain simplifies the information and
organises it where possible to coincide with
previous analogous situations to assist the final
process of deciding on the action to be initiated.
In less vital situations the brain still pursues a
similar course, and accepts the most logical,
or simplest interpretation in response to any
given stimulus. In the absence of any detail
which may give the eye a point of focus, the
whole system relaxes, and the eyes settle on a
nondescript, field which i1s approximately 20
metres (2o yards) away. The effect of this can
be demonstrated by evenly illuminating the
interior of a smooth hemispherical surface,
and observing it in a totally darkened room. As
soon as a small point 1s placed on the surface
the eye has a point of focus, and the field im-
mediately becomes defined. In this way an
indeterminate field can become a plane of
reference.

If an object 1s now superimposed on the field
the brain concentrates on the figure, (the
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object), the field reverts to the ground, and
signals from it are largely ignored.

T'he eftect can be reproduced by cutting a hole
in a sheet of cardboard and viewing it against a
plain ground. When attention is concentrated
on the cardboard the hole becomes a com-
pletely indefinite colour without distance.
This 1s similar 1in effect to what happens when
driving in bad weather, if attention is diverted
to the windscreen-wiper blades instead of the
road beyond; the blades become the figure,
and the road and trafhc the ground. Fortun-
ately the insistence of the movement signals
from the eye prevents the ground from being
ignored completely for more than a few seconds
in this instance.

The figures themselves are organised to make
recognition simple. Any slight irregularities
in an otherwise regular shape are 1gnored. In
diagram 713 several of the shapes are slightly
irregular 1n differing degrees, but they are
perceived initially as regular figures.

I OC

13 Irregular shapes

The brain will also make good small deficiencies
without being conscious of doing so, particuarly
under conditions of minimum stimulation. In
diagram 14 the gaps in the circles and the
squares are closed, and the brain registers them
as complete figures if they are viewed briefly.
This completion of figures also occurs when
small segments of circles are placed on a field;
any curved line suggests the circle of which it
forms part. Thus any circle tends to give a
linear impression, ie a line is drawn on a field,
whereas a straight line figure such as a triangle
creates the impression of enclosing an area
that it i1s a figure on a field.

14 Incomplete shapes

In diagram r5 the interpolation of the brain
between significant edges can be even more
forcefully demonstrated if the image of the dot
in the centre of the cruciform figure is centred
on the blind spot of the eye where the optic
nerve leaves the eyeball and there are therefore
no receptors. If the figure is viewed with the left
eye only from about 400 mm (15 in.), and the
eye moved slowly towards the small cross on
the right, the centre of the figure will be on the
blind spot when the eye 1s directed at or near
the cross. The disconnected corners of the
figure are not now being registered directly,
but from the data available the brain assumes
that the igure 1s complete, and 1t 1s an unbroken
figure which 1s ‘seen’.

15 Incomplete cross and blind spot

The brain also selects what 1s logical when
there are different possible interpretations. In
diagram 16, (a) 1s seen as a single rectangle with
a line across it, but (b) 1s seen as two shapes.
(a) could be two shapes, but as they would be
irregular and less logical than a regular shape
this interpretation 1s discarded.

=

16 a Single shape with a line across it

P WA
NN

16 b Two conjoined shapes
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The simple shape in diagram r17a 1s still per-
ceived as one shape when two lines are super-
imposed, as in 77b6. When two lines are drawn
as in 17¢ there are now three adjacent shapes,
but in 77d there are two shapes, one above the
other. In (c¢) the logical assumption 1s that two
rectangles have been placed on either side of an
irregular hexagon, but 1n (d), by continuing
the lines of the centre of the figure, 1t becomes

detached in some degree from the gound.

/\ %
N
17 a One single shape

17 b One shape with two superimposed lines

7
A

17 ¢ Three shapes with two connecting lines
17 d Two shapes, one superimposed on the other

A smmilar eftect of superimposed planes is
created in diagram r8. 'T'his figure i1s interpreted
as the low three dimensional effect of a diamond
on a rectangle, and not as a diamond between
two re-entrant pentagons.

18  Rectangle and diamond in low relief

‘T'he simpler area is usually interpreted as the
ground wherever possible. In diagram 19 (a),
the circle 1s usually perceived as the figure on
the square ground, and in (b) the square is now
the figure within the enclosing circle. As all
the shapes are simple, the general effect 1s of
three superimposed shapes. In (c¢) the small

22

circle is still perceived as the igure, despite the
complexity of the shape of the ground, but 1n
(d), by the addition of the circumscribing
circle the small centre 1s now generally per-
ceived as a hole in the figure through which
the ground can be seen.

] ©

rg a Clircle on a square ground
rg b Square figure on a circular ground

o
-»
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rg ¢ Circular figure on an irregular ground
19 d Irregular figure with a circular hole on a circular
oround

A more ambiguous figure 1s in diagram 2o.
Here either of two Maltese crosses can be figure
or ground, the straight or circular hatching
appearing to be continuous as ground behind
whichever 1s figure. As there are no direct
clues as to which i1s which, the figure and
ground appear to change places indiscrimi-
nately.

20 Figure|ground with hatched Maltese cross



T'he crosses in diagram 2r are more definite,
and although the orientation of the vertical
cross gives it more credence as the figure, 1t can
equally well be interpreted as the ground
behind the diagonal cross. T'exturing either
area has little further eftect (22 ), but adding
details which are difficult to reconcile with the
ground eftectively prevents the ambiguity
occuring (23).

21 Firoureloround in solid Maltese cross
gure|g

22  Figurel/ground with solid and
hatched Maltese cross

23 Figure/ground with complex figure

Ambiguity 1s also caused by tilting the frame
of reterence. In diagram 24 (a) and (b), the
local frame of reference (the outer rectangle),
1s tilted relative to the general frame of refer-
ence, (the page of the book,) and confusion
arises as to which frame of reference the centre
squares should be related. (a) may be per-
ceived as a diamond 1in a tilted trame, or as a
square in a frame and tilted with 1t, and (b)
vice versa;, whereas in (c) and (d) the local and
general frames are the same, and no conflict
arises.

<>

24 a Frame of reference tilted : square figure

24 b Frame of reference tilted : diamond figure
24 ¢ Frame of reference straight : diamond figure
24 d Frame of reference straight : square figure

I~
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(g) Spatial and temporal induction

Stimulation of part of the retina may affect the
response of adjacent areas, or ot the same area
a short while later.

Spatial induction, or simultaneous contrast,
occurs when areas of strong tonal or colour
contrast are in juxtaposition. T'he two classical

examples are shown in diagrams 25 and 26. In |
25 the grey ring appears to be lighter on the
dark ground, and darker on the light ground,

and if a pencil or even a piece of fine string 1s
laid along the division 1n the ground, the ring
appears to be two different tones. A similar
effect occurs in colour, with a grey ring on a
ground of two complementary colours (red
and green, or blue and vellow). The grey
appears to have a slhight but definite admixture
of the complementary colour.

26 Spatial induction : squares

27 Induction of colour

I'emporal induction 18 much better known,
both in tone and colour. When the gaze 1s fixed
25 Spatial induction : ving for 30 to 6o seconds on a definite shape, then
' transferred immediately to a plain ground, the
shape 1s seen in 1its complementary colour or
tone. T'he black cross in diagram 28 can be
placed between the two noughts in this way.

The effect in diagram 26 is less definite. Patches
of grey appear at the intersections of the white
lines, particularly when the eyes are moved
across the diagram. In colour, the complc-
mentary colour would appear instead of grey.
A colour may be induced by a series of black
and white lines (27 ). If the attention 1s directed
to the diagram for several seconds, waved
horizontal lines forming feeble but distinct
spectra may be visible, though not evervone
perceives this effect. 28 Temporal induction

24



2 Illusion

Illusions may be caused by both parts of the
perceptual system. The retinal system can
give misleading signals when overloaded by
abnormal stimulation or fatigued by prolonged
stimulation, or under certain conditions the
brain can misinterpret correctly seen and
transmitted data. The latter may be due either
to the inability of the brain to decide between
two opposing and mutually exclusive inter-
pretations, or to the brain applying the wrong
criteria when assessing the information. One
example of differing interpretations i1s the
figure/ground effect already referred to (chap-
ter 1, diagrams 20 to 23 ). Others are discussed
later in this chapter (pages 30 to 32).

(a) Two-dimensional illusions

Three common examples of figures wrongly
assessed by the bramn are the arrow-head, 29,
the converging lines, 30, and the radiating lines
illusions, 37. The theory advanced by R. L.
Gregory in his book Eye and Brain 1s that the
illusions are caused by the brain applying size
constancy according to the information 1n the
figures which appears to suggest depth, (NB
not according to the apparent depth, a very
different thing).

29 Arrow-head illusion

30

JI

Converging lines tllusion

Radiating lines illusion
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will be drawn different sizes (33). If the
further one is drawn the same actual size as the
nearer one it appears to be larger, as the con-
stancy mechanism compensates for the ap-
parent increase n distance (34)/.

e —

32 Dimanishing image size with increasing distance

Size constancy 1s the process by which the T'’he arrow-head illusion works 1n a similar
brain compensates for the steadily diminishing but less obvious way. T'he line with the out-
size of the image on the retina as the distance ward pointing arrows suggests the near corner
between the eyves and a moving object increases of a solid object, a cube or a building, and
(32). T'he object continues to look the same the constancy-scaling mechanism reduced the
size despite the increase in distance. apparent size (35). The line with the inward
'T'he converging lines suggest parallel lines 1n pointing arrows creates the impression of the
perspective, and two objects of a similar size far corner of the interior of a similar object, or

a room, and 1s scaled up in size as 1t i1s apparently
more distant (36 ).

33  Converging lines with two objects of different sizes 35 Arrow-head effect compared to a building

/fjﬁ:\;% J"““m..,ﬁ *N
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34 Converging lines with two objects of the same size 36 Arrow-head effect compared to a room

26



Both figures appear flat when drawn on paper,
as the texture of the paper itself takes pre-
cedence over the appearance of depth created
by perspective. If the figures are made in wire
coated with a luminous paint, and viewed with
one eye to remove the stereoscopic depth
perception, they both appear as three dimen-
sional as fully three dimensional models made
in the same way, as there 1s now no texture to
nullify the perspective effect. Readers are
referred to pages 150 to 160 of Eye and Brain
for full details of these experiments.

Upsetting the visual system by overloading it
produces unexpected effects. If the parallel
lines of diagram 37 are looked at for a few
seconds, wavy horizontal lines appear, which
for some subjects are 1n spectral colours, each
line appearing as a small, faint, but nevertheless
complete rainbow. T'his may be due to the
continual slight shifting of the eye causing the
receptors which signal ‘light on’ and those
which signal ‘light oft’ to send a heavy con-
centration of signals to the brain. ('T'his 1s

37 Parallel lines (overloading the visual system)

corroborated to some extent by the fact that an
intense light fashing on to a white ground at
approximately 5 flashes per second can cause
the sensation of quite vivid colours.) When
the eyes are fixed upon a blank ground after
looking at the figure for 15 or 20 seconds the
whole field seems to be in movement.

Fall (38) by Bridget Riley shows an example
of virtual movement induced by overloading
the retinal system, and Superimposed Chevrons
(39) by Francois Morellet demonstrates the
optical dazzle caused by the repetition of the
geometrical elements and creates an 1illusion
of movement perceived in the peripheral fields
of vision. T'he surface of the painting becomes
an anonymous, homogenous and unstable
structure.
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(b) Three-dimensional illusions

These depend on the ambiguity of the figures
themselves. The stimulus and the imput to the
brain remain unchanged, but the brain 1s
presented with the problem of deciding which
of two incompatible but equally valid states to
accept. As there i1s no single correct inter-
pretation, both possibilities are accepted 1n
turn.

T'he simplest of these ambiguous figures 1s the
skeleton of a cube (40 ), which may be either to
the left of the spectator and below his eye-level,
or to his right and above it; and 1t changes
instantaneously and quite haphazardly from
one to the other. The back and front faces
change places without any apparent change 1n
size, though if a flat luminous wire figure 1s
made, the back face always appears to be
larger, as size constancy operates.

A similar figure 1in reversible perspective is the
flight of steps, which again alternates between
the two positions (41 a, b).

The row of cubes which change in direction
(42 ), or the groups which change in number
(43), create the impression of a high-relief
surface which slopes towards or away from the
observer. 'I'he plain statement of perspective
as 1n depicted diagram 42 is assisted by tone in
43, but although it gives added realism to the
cubes 1t introduces another factor, a change in
the direction of the lighting (see chapter 3
section ¢ ).

Another type of ambiguous figure is com-
pletely static, as of the two possible inter-
pretations one 1s much more probable than the

i

40 Skeleton cube

1

30

41 a

Steps ascending to the left

Ki} :

41 b Steps ascending to the right

4 ,

]

_

Rows of cubes—divectional change




44 b Two dimensional pattern or skeleton cube

43  Group of cubes—directional change in number

other. In diagram 44a the figure is more prob- B
able as a cube, and 1s seen as such, but in diagram

44b the simpler two dimensional pattern 1s

chosen 1n preference to the less obvious cube,

though with a conscious effort this can be seen.

T'he three interpenetrating planes of 45a are

reduced 1in the same way to the two dimensional

pattern of 45b.

45 a Three interpenetrating planes

45 b Two dimensional pattern or three interpene-
44 a Skeleton cube trating planes
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A more subtle variation 1s shown in diagram
46 a, b. In (a) the hgure 1s a pattern based on
concentric hexagons. If a circle 1s substituted
for the outmost hexagon (b), the small center
hexagon immediately becomes a three dimen-
sional cube 1n preference to a flat pattern, as
the brain now interprets the centre of the figure
apart from the surrounding circle.

46 a Pattern of concentric hexagons

46 b Cube in a circle

32

A figure which is equally probable in its two
dimensional or three dimensional forms is
given in diagram 47. In its two dimensional
state it 1s a hexagonal tessellation constructed
of 12 rhombi, but in its three dimensional state
it i1s three cubes either above or below the eye-
level (see chapter 3). A three-dimensional solid
which is itself ambiguous 1s shown from three

47 Hexagonal tesselation or three cubes

positions in diagram 48 a, b, ¢; a and b give
two totally different but equally misleading
impressions of the solid, which is a pair of

48 a  Interpenetrating cubes, rosette



interpenetrating cubes. Diagram ¢ shows the
solid in a position in which its shape can be
correctly interpreted, standing on a second
cube which has been constructed with the
convex projections replaced by concave in-
dentations.

negative penetration

S ¢ Iﬂererrazfﬂg cube, standing on a cube with

Virtual movement is created either by optical
dazzle sometimes assisted by spatial indiction,
or by the creation of space which continually
re-forms beyond the surface of the painting, as
shown 1n figures 49, 50 and 57.

Another type of ambiguity 1s 1llustrated in
diagrams 48 d(:) and d(i1). Here the con-
vention of perspective 1s misused to create
apparent solids which have the appearance ot
being real, but are actually impossible. It any
corner of d(i) or any side d(11) 1s covered,
the remainder of the figure is possible. The
impossibility lies 1in the continuity of the
figures (see Grafiek en Tekeningen by M. C.
Escher for compositions based on these and
other perspective impossibilities).
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‘Méandre " by Victor Vasarely. Reproduced by

courtesy of Galerie Denise René, Paris

50

‘Tilla’ by Victor Vasarely. Reproduced by courtesy

of Galerie Denise René, Paris
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3 Illusory movement

A sensation of the movement of an object can
be caused by the spectator’s own movement
past the object, the shght alteration of the
viewpoint causing a much greater change in
the appearance of the object. Changing the
lighting can also cause an object to appear to
move or to change its shape, both in white and
coloured light. Sequential switching of several
small lamps placed round a faceted solid can
cause the solid to appear to rotate, and alter-
nating back and front illumination can cause
a solid shape to appear to advance and recede.

(a) Moirée effects

Moiré effects arise when two repetitive con-
figurations of similar units, ot which one at
least must be transparent, are superimposed.

B &
I
A %
I
O ¢

2 34 .3 6

52  Moiré beat

The units may be dots, lines, circles in drawn
designs or objects such as railings, trees, open
weave fabric, etc.

'I'he moiré effect which 1s seen most often 1s the
‘beat’ observed when passing along two
parallel sets of similar railings. When two rails,
one from each set, are in a direct line with the
observer a lighter patch 1s visible, (52), (B1,
A1, O1 shown in plan view). As the observer
moves from O1 to O2, A2 appears in line with
B3. A smaller movement of the observer has
resulted in a larger apparent movement of the
beat, and as the observer progresses along the
Iine to O6, the beat moves over a greater
distance to A6-B11. Thus if a beat 1s followed
with the eve it apparently moves more quickly
than the observer, the moiré effect resulting 1n




an apparent magnification of movement run-
ning with the movement of the observer.
When two sets of straight lines are super-
imposed at right angles they form a square grid
(53), and as the upper sheet 1s rotated the
lines running diagonally suddenly emerge as
the angle approaches 45 (54a). An enlarge-
ment of a diagonal 1s shown 1n (54b6).

Square grid
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54 @a

The diagonal emerges as the grid angle ap-
proaches 45

38

54 b

Enlargement of part 54a

A gradual decrease in the angle between the
original lines results in a corresponding in-
crease in the angle between the vertical and the
new diagonal lines (moiré fringes), and an
increase 1in the distance between them (55a).
The fringes also become wider and more
insistent (550). In (56) the fringes are more
important visually than the lines.

55 4@

The diagonal angle increases as the grid angle
decreases



55 b Enlargement of part of 55 a

i

57a and b Movement of the fringe
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56 The mowré fringes (diagonals) are more insistent
than the lines of the grid

At the angles used in the last two diagrams a
slight horizontal movement of one of the sheets
will give a very rapid vertical movement of the
moiré fringes (57 a, b), a magnification of
fifteen to twenty times. Lines such as these
can be purchased in transparent self-adhesive
sheets from drawing office suppliers.

I'he beat effect referred to earlier also gives rise
to magnification of the basic unit when two
similar sheets are placed together, or one
behind the other at a small distance. The
smaller the apparent difference in distance
between the units the greater the degree of
magnification. If two lines are divided as in
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(58), the length of the divisions in B being
nine tenths those in A, the marks will coincide
at every ninth unit on scale A. (This is the
principle of the vernier scale on measuring
instruments.) In scale C the divisions are four
fifths the length of the basic scale, and the
marks coincide at every fourth. When two sets
of like units, lines, dots, etc, are placed one
above the other, if the distance between them
is small, the apparent distance between the
units is almost the same in both cases and the
degree of magnification 1s large, but as the
lower set recedes from the upper the apparent
difference 1in length increases, and the degree
of magnification becomes less (59). Where
the lines coincide from the observer’s view-
point the effect 1s light, and where each space
in one set 1s blocked by a line from the other set
the line 1s dark.

[
e e

58  Vernier division of two lines

OO

59 a and b Diminution of scale magnification with
increase of distance

40)

A similar effect occurs in a network. A half-tone
screen 1s made up of small dots (60 ), and when
two sheets of half-tone negative are placed
together exactly in coincidence the effect is
generally light (6ra). If one sheet is moved
half a unit relative to the other this cuts out
most of the light. A slight rotation of one sheet
produces a beat eftect horizontally and ver-
tically, the pattern of the dots being visible,
and the degree of magnification depending on
the angle between the two sheets (61 b and ¢).
A straight line grid placed in front of a curved
mirror will create a series of curved fringes, the
beat occuring between the lines of the re-
flections, and a small movement of the grid or
the mirror will give a large movement of the
fringes. The half-tone screen placed on a
slightly distorted surface such as aluminium
cooking foil will produce fringes which virt-
ually map out the surface (62). With the
screen resting on the foil vigorous movement
of the fringes results from the movement of the
Spectator.
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62  Screen on aluminium foil surface
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Although not a true moiré eftfect, a movement
can be created with a series of edges and a
background of lines (65a). The black paral-
lelogram is about 15 ems from the ground, and
the thickness of the black and white lines 1s the
same as the offset of the parallelogram (b),
exaggerated here in proportion to the depth.

T

65 a Parallelogram on ground

a b

b Parallelogram and parallel lines

When the parallelogram 1s seen as in 66a, both
edges are slanting. As the spectator moves to
the right the parallelogram seems to move to
the left, and the left edge gradually becomes
indistinguishable from the black stripe on the
ground (b), and the right hand edge enters the
stripe which up to now has been 1n front of it,
until in (¢) both edges now appear to be vertical.
A parallelogram with a small offset in pro-
portion to the depth, and a correspondingly
narrow line on the ground vibrates rapidly as
the spectator walks past. A single thread
stretched at a very slight angle above a lined
eround will have dark spots running up and
down 1t, and a pendulum of black thread or
cord on a similar ground will have dark spots
bunching closelv together at the end of the
swing (67 ). A set of lines can be screen printed
or drawn on acrylic sheet, and the whole sheet
allowed to swing in front of, and parallel to, an
appropriate ground (68 ). Cardenal (6¢g) and
Double Nowr (70) by Soto show similarities of
construction. Rods are suspended on fine
threads in front of a lined ground, and as the
spectator moves before the composition or the
rods move slightly, the moiré effect created
between the rods and the ground causes
flickering movements to appear, running up
and down the rods (see diagram 67). The

44

66 a Parallelogram on lined ground : slanting ends
b Parallelogram on lines ground : changing ends
¢ Parallelogram on lined ground : vertical ends

moiré effect in Vg (71a) and VII (71b) by
Duarté occurs between the light source and
the surface ot the work. A transparent acrylic
sheet has an integral black surface on one side
and V-shaped 1ncisions are engraved through
this black surface into the clear part. Light is
reflected from the edges of the groove, and the
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67 Pendulum on lined ground
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68  Acrylic sheet swinging in front of ground. Structure
Seulement by Yvaral (1 m square). Reproduced by kind
permission of Kingston-upon-Hull Corporation and
Ferens Art Gallery, Kingston-upon-Hull ( Permanent

Collection )
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70 ‘Double Nowr 1967 by Fesu-Raphael Soto. Repro-
duced by courtesy of Galerie Denise René, Paris

69 ‘Cardenal’ by Fesu-Raphael Soto. Reproduced by
courtesy of the Trustees of the Tate Gallery, London
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71 a Vg 1963 by Angel Duarte. Reproduced by

courtesy of the artist



1 Mixture of the three primary colours to form white
light (see page 70)

2 The three primary colours nuxed n pairs to form
the three complementaries (see page 70 )

3 Filter table (see page 71)

e S =

(a) Primary filters (b) Complementary filters

(¢c) Additive combinations of two primaries

Plate 1

g =i

PR Ty

S

ELERERAY
; s

! R G

(d) Subtractive combinations of two complementaries

(e) Primary comple (f) Two primaries

mentary pair

l.:'_ 4 v
Rl
i

A

4 Whate light reflected from white, coloured and black
surfaces (see page 71 )

(a) White light reflected from white, red and black
surfaces

(b) Red spot on white ground itllunminated with white

light
(c) Red spot on white ground illummated with red
light
(d) Red spot on white ground illuminated with green
light

(e) Red and preen spots on white ground illuminated
with yellow (red and green) light






£

eproduced by

R

Vir 1963 by Angel Duarte.

71 b

courtesy of the artist
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72  ‘Hovercraft’. Reproduced by courtesy of B P
Chemicals Limited

varying angles of reflection from the radiating regular vertical triangular corrugations.

lines creates the moiré effect which moves as The latter method was used by several local
the spectator moves across the front of the Florentine and Venetian painters to make a
composition. Figure 72 shows a very ingenious portrait of Christ change into one of the Virgin.
use of the moiré effect. 'T'he whole of the hover- In both cases the blades or the corrugations
craft 1s drawn on a transparent sheet, and the can be anything from 3 mm to 30 mm or more
ducting for the air, the propellor blades and the deep ({ to 14 in.) depending on the scale of the
background are covered with fine lines at work and the type of composition.

varying angles. Behind the drawing a sheet I'wo such surfaces are shown in plan in figure
with parallel ines moves slowly upwards, and 73, the arrows showing the direction of viewing

this produces the effect of directional or

rotational movement 1n the air streams, etc. '——[_r._l' '| |

(b) Changing compositions

An actual change in composition can be caused
by the movement of the spectator past the
object, if the surface of the composition has
vertical fins attached to it or is broken by 73 a Vertical blades or fins, in plan

50



AN AT A

73 b Angled corrugations, in plan

needed to see the left hand sides completely
and unbroken. Figure 74 (a and b) show the
appearance of both types seen from the left at
two different eye levels, and a gradual emer-
gence of the composition on the surface of (a)
and the right hand side of the corrugations of
(b) as the spectator passes from the left to the
ceritre (c).

74 ¢ (1) Vertical blades seen from the front

- .

74 ¢ (1) Corrugations seen from the front

.

N /

| e

24 a (i) and (ii) Vertical blades seen from the left 74 b (1) and (11) Corrugations seen from the left




Physichromie numbers 6 and 141 (75 and 76) portions are continually changing. In Com-

by Carlos Cruz-Diez show small strips of position 1965 (77) by Yaacov Agam the surface
cardboard placed at right angles to the ground of the painting is composed of parallel triangular
painted in strong colours, which are then corrugations. T'he compositions, whilst dis-
reflected by the ground. The actual colour tinct from either side, integrate with one an-
perceived 1s an additive mixture of the colours other when seen from the front.

on the strips, the proportions and the intensity

of the component colours being determined by T R T T

the distances from the strips and the angle of " Al i
viewing. As the spectator moves these pro- it | Al |

76 *Physichromie number 141" by Carlos Cruz-Diez.
Reproduced by courtesy of Galerie Denise René, Paris
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75 !Ij.h' f'-[l' g @ . 1 N5 T L Ty g o e “{ 'n» . 1A
;‘; | JFjamrr:ﬁf:ur OM1e m.fm:’:-fﬁ:t_ r‘f: f;}‘ ﬂarr!f,lu. (_.HJ,?:’:-Q?EE:. 77 ‘Composition 1965’ by Yaacov Agam. Reproduced
eproduced by courtesy of Galerie Denise René. Paris by courtesy of Galerie Denise René, Paris
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(c) Direction of light on solids

T'he direction of light has considerable bearing
on three dimensional perception. An object
with a shadow on the side away from the light
must be convex and vice versa (78 a b). The
shadows give the direction and elevation of
the light, and the perceptive mechanism
interprets the shapes without difficulty.
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78 b Block with concave depression

In the absence of any definite clue as to the
direction of the light, such as may be the case in
a darkened rocom with a single small area of
projected light, the brain tends to revert to the
most usual or logical interpretation. This 1s
particularly noticeable on a close-up photo-
graph of simple shapes if there 1s no direct
evidence to show from which direction the
light is coming. In this instance the brain
usually interprets the photograph as if the light
is from the upper left hand corner, as all right
handed persons write and use tools with the
light from that direction whenever possible to
prevent the shadow of the hand from falling
across the work. 79 (a) and (b) show the
same photograph, but (b4) i1s inverted. The
convex shapes of (a) appear concave in (b),
but if the book is reversed then the shapes
appear to change. It requires a conscious effort
to perceive (b) as a convex shapes with the
light from the unusual position of bottom right.
This interpretation is often used in stage sets.

Diagram Soa 1s perceived as a row of holes
through or into a wall, §0b as three bevelled
projections from the wall. The ambiguous
figure 1n outline in 47 can be orientated by
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adding conventional shadow (&7). It 18 now
very difficult to perceive it as other than three
cubes below eve level. If however three cubes
of card are made and illuminated with light
from any of the three directions (82 a, b, ¢/,
the cubes will appear to switch into either of the
positions quite easily. This effect can be
obtained even more easily if the three cubes are
replaced by three rhombic dodecahedra, solids
with twelve diamond shaped (rhombic) taces, |
(83). (See appendix). A complete wall with a 9, b
surface of these shapes can be made to appear i
to be swaying backwards and forwards, or to

Three cubes tlluminated from left

jump abruptly from one state to the other, or
tO appear Hat (&4 a, b ).

82 ¢ Three cubes itlluminated from right

s
s
e R _.;i%g_
G o e e
R 'i-@fx"ﬁ'»ﬁ'.p'.gﬁ

5T Three cubes

r"!)_j' il fff)al

83 a ()

,- ey 83a (1) and (1i) Rhombic dodecahedvon. Tzvo
82 a Three cubes illuminated from above aspects
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The block of hexagonal prisms (835a) with
cross light from the left 1s given the appear-
ance of a block of cubes by the position of the
shadows (85b). The elongated twelve sided
solid in diagram 86 appears to be a rectangular
block either above or below the eye level,
depending on the direction of the illumination.

86 a Elongated rhombic dodecahedron, illuminated
from above

86 b Elongated rhombic dodecahedron, illuminated
Jrom left

85 a Group of hexagonal prisms

86 ¢  Elongated vhombic dodecahedron, illuminated
from right, to create the impression of a rectangular
block changing its position relative to the eye level

(d) Apparent continuous
movement

As the brain interprets the incoming infor-
mation 1n the most logical way, an impression
of continuous movement can be created by a
_ | series of discrete but sequential images (eg,
.‘-'__:,, b f}s'uup r;ff:etxngmmf Drisms, F-HHH?I-ﬂﬂff-’d_}rr{]”? the the cine-film and t{?]f:‘»-'iSifJI‘]). If two ]arnps d
side few inches apart in a darkened room are
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switched on and off alternately about two times
per second, one light appears to move contin-
uouslybackand forth between the two positions.
A row of lamps lit sequentially at a steady rate
will create the impression of continuous move-
ment along the line. An interesting example of
this 1llusion 1s the apparent rotation of a faceted
re-entrant solid by illuminating it from a
series of slightly different positions so that the
shadows cast across the faces of the solid by its
vertices are In accordance with i1ts having
rotated in a fixed light (87).

.

87 Octahedron with re-entrant faces illuminated
from left

87 ¢ Octahedron with re-entrant faces illuminated
from right. With a greater number of lLight sources
switched sequentially the octahedron appears to rotate
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87 b  Octahedron with re-entrant faces illuminated
Jrom centre



PartII 4 Light and simple optics

Light, for all practical purposes, travels
straight lines outward from the source, unless
it 18 bent or deviated from its path by mirrors
or lenses. The control of light 1in this way 1s
very important in certain types of kinetic art.
(See chapter 6).

The behaviour of light under these conditions
depends on two phenomena, reflection and 89 Reflection in a plane mirvor
refraction, which occur when light strikes the

interface between two materials of different

density (88 ). When a ray (A) travelling through

a less dense medium strikes the surface of a

denser medium, (eg, air to water or air to

glass), part of the light is reflected (B) and part
refracted (C). B
A A

'H._ :-. ﬁm_ﬁw

. W%ﬁ WQ" &Jﬁﬂﬁ*ﬁ&

-

T

go  Reflection in a pfﬂm’ mirvor with the source rotated

88  Reflection and refraction g
A mcident ray B reflected vay C  refracted ray s

(1) Plane muirvors

e
=
e

The reflection in a plane marror 1s straight-
forward. T'he reflected ray leaves the surface
at the same angle to the vertical as the incident
ray (8¢9 ). If the angle of incidence 1s changed by
rotating the light source (go), the angle of
reflection 1s altered by the same amount; if
the mirror i1s rotated (¢9r), the light moves
through twice the angle.

When the reflection of an object (the image) is
seen 1n a mirror, 1t appears to be as far behind
the mirror as the object is in front (g2 ), the rays
of light seeming to come in a straight line from g2  Object|mirror|image distance ‘. &
the 1mage.  a plane mirror \

gr Reflection mm a plane wmarror with the mirror
rotated
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When two mirrors are placed at an angle to each
other several images may be seen, the possible
number depending on the angle between the
mirrors. In diagram ¢3a, with the mirrors at
go’ the images 1 and 2 are seen by direct re-
Hection, and image 3 1s seen by reflections from
both mirrors in sequence. As long as an image
lies in front of the plane of a mirror, (or the line
of a mirror extended beyond the point at which
the mirrors meet), an image can be formed.
Once the image falls in the angle behind both
mirrors no further reflections are possible.

?";..':,:\_.J_q-\:-w e
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o
el
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03 a Reflections in two mirrors at 9o~

903 b Reflections in two mirrors at 66"

Diagram ¢3b shows the images possible 1n two
mirrors inclined at 6o°. This 1s the principle
of the kaleidoscope, which can be of consider-
able value in kinetic art (see chapter 6). Rays of
light reflected once from each mirror are
returned at a constant angle of deviation, which
1s twice the angle between the mirrors. Diagram
g4a shows mirrors at right angles, and ¢4b
mirrors at 6o .

B T S

= e R o i
e e e T R e e R R

04 a Angle of deviation, mirrors at go"

BRI

g4 b Angle of deviation, mirrors at 60"



(it) Curved mirrors (spherical)

A curved mirror may be considered as con-
structed from an infinite number of small
plane mirrors. If the tangent to the curve 1s
drawn at the point at which a ray meets the
mirror, the ray can be drawn reflected as 1if
from the plane (95 a b). All rays parallel to the
axis pass after reflection through the focus of
the mirror in the case of concave mirrors (a),
and diverge as if from the focus in the case of the
convex mirror (b). In diagram g6 a, b, C 1s the
centre of curvature of the mirrors and F 1s the
focus, which 1s half the distance of the centre
of curvature from the mirror. P 1s the pole, the
distance PF 1s the focal length, and the line
PC 1s the axis of the mirror. A mirror 1s com-
pletely specified by the focal length and the
diameter (usually quoted in mms). The longer
the focal length the nearer the mirror 1s to a
plane mirror, and the less the distortion of the
ravs of lhight.

e e
=

- -
, F G
g6 a Concave spherical mirror
| P Pole
F focus

' centre of curvature

06 b Convex

A concave mirror will produce an image which
can be focused on a screen (see chapter 6). It
the object 1s outside C the image is reduced and
inverted (97 ). As the object 1s brought nearer
to the mirror the 1image recedes and becomes
larger, until when the object 1s at C the image 1s
the same size (9&8). With the object between

.

05 Rays reflected from a concave (a) and a convex
(b) spherical mirror as if from the tangential plane at
the point of incidence

60)

07 Concave spherical mirvor : image real, inverted,
diminished

98 Concave spherical mirror : image real, inverted,
same size as object



C and F the image is magnified but can still be
focused on a screen (99 ), the image becoming
larger rapidly as the object approaches F.
When the object i1s inside F the image is now
erect and magnified, but 1s behind the mirror
and can no longer be projected onto a screen.
This 1s the type of magnifying mirror used for
shaving or make-up (100).

99 Concave spherical mirvor : image real, inverted,

magnified

roo Concave spherical mirror ; image virtual, evect,
magnified

The position of any image can be found by
tracing the paths of three rays of light from one
point of the object. The ray parallel to the axis
passes through the focus F (1ora (1)), or ap-
parently comes from F (rorb (1) ). A ray pass-
ing through F (a ) or going towards F (b 22)
is reflected parallel to the axis. A ray travelling
towards C is reflected back along its own path
(a 711) and (b #1z) as it 1s meeting the mirror
perpendicularly.

==

101 a (1) vray through the focus

ror a (i) ray through the centre of curvature

=g
“/”
~
ror b Convex mirror
ror b (1) ray parallel to the axis
o

/

o1 b (i) ray through the focus

ror a Concave mirror
ror a (i) ray parallel to the axis

ror b (wi) ray through the centre of curvature
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A convex mirror cannot form an image which
can be projected. Wherever the object 1s
placed the image is always erect, diminished,
and behind the mirror (r102). A typical ex-
ample of a convex mirror 1s the wide-view car
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driving mirror.

raz  Convex spherical mirvor : tmage wvirtual, ervect,
diminished

In Trame Alternée ( 103) by Julio l.e Parc the
central disc, folded into a blunt wedge shape,
has small convex and concave areas which
behave as spherical mirrors tformed 1n the
highly polished metal. As the whole disc
rotates 1nside the striped cubical box the
reflections of the lines are continually changing
shape. Continual Lumieére (ro4) and Continual
Lumiere Cylindre (105) both by Julio Le Parc
show slowly moving beams of light reflected
from cvlindrical metal mirrors. Continual
Lunuere utilises both the concave faces and the
convex backs of the mirrors, which project
horizontally from a vertical ground and face
downwards towards the light source at the
base. Continual Lumiere Cylindre has one large
ring mounted 1n a similar way and the beams
are reflected within the ring.

Above right
ro3 ‘lrame Alternée’ by Julio Le Parc. Reproduced
by courtesy of the artist

ro4 ‘Continual Lumiére’ by Fulio Le Parc. Repro-
duced by courtesy of the artist
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ro5 ‘Continual Lumiére Cylindre’ by Julio Le Parc.

Reproduced by courtesy of the artist
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(b) Lenses

Spherical lenses behave 1n very much the
same way as spherical mirrors, except that the
light 1s transmitted through the lens and not
reflected. 'T'hree rays are used to trace the
position of the image, the two parallel to the
axis and through the focus respectively being
the same as those 1n the curved mirror, the third
ray being replaced by a ray through the centre
of the lens, which 1s for all practical purposes
unaftfected and travels straight on (106 a b).

106 a (1) Convex lens, paths of three rays to deter-
mine the position of the image

ro6 a (11) Paths of Light through convex lens

(1) Convex (or converging) lenses

The convex lens is similar to the concave
mirror, as it produces an image which can be
focused on a screen.

An object outside C (ie, twice the focal length
of the lens) will produce a diminished inverted
image (107). As the object approaches the lens
the image recedes from it until at C (2f) the
image 1s the same size as the object. This 1s the
shortest possible distance between the object
and the image (r08). Between C and I the
image 1s still inverted but is now magnified
(109 ), (this 1s the slide projector) and 1nside F
the image 1s magnified, erect, but on the same
side of the lens as the object, and cannot be
projected onto a screen (r1ro) (the simple

=— magnifying glass).

=k

roy  Convex lens : image real, inverted, diminished

ro6 b (1) Concave lens, paths of three rays to deter-
mine the position of the image

106 b (1) Paths of light through concave lens

6H4

108 Convex lens : image real inverted, same size as
the object

rog  Convex lens : image real, inverted, magnified






Plate 2

1 Three primary colours overlapping on a back
projection screen. ( Hard-focused not soft-focused as in
text. See page 73)

2  Three faceted solids m different combinations of
light (see page 70 )

(a) Primary colours (c) Warm range

(b) Complementary colours (d) Cool range



rro Convex lens : image virtual, evect, magnified

(11) Concave (or diverging) lenses

'T'he image formed by concave lenses, like the rrr  Concave lens : image virtual, evect, diminished
F: ' < e

convex mirrors, are always erect, diminished,

and cannot be projected (r111).

rrz ‘Box No. 3’ by Yohn Healey. Reproduced by
courtesy of the International Lighting Review
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(c) Cylindrical lenses

Cylindrical lenses are parallel-sided rectan-
gular lenses, with a cross-section similar to a f
spherical lens (rr3ab). The convex cylindrical v
lens will focus rays of light to a point in one %

plane, but in the other at the right angles to it /
the rays are undeviated (rr4). ''he image
formed from a parallel beam of light will
therefore be a bar parallel to the axis of the
cylinder, in contrast to the spherical convex
lens which would form a circular spot under
similar circumstances. T'he concave cvlindrical
lens diverges the beam 1n one plane only in a

114 Path of light through convex cylindrical lens

similar way (rr5).

115 Path of light through concave cylindrical lens

[.enses may be combined to form lenses of
different powers. I'wo or more lenses of the
same type increase the convergence or diver-
gence of the emergent rays, (1r6a) convex
lenses, (116b) concave lenses. T'he two lenses
rr3a Convex and concave cylindrical lenses showing of different types can be made to increase or
effect on line of light decrease the width of a beam but leave it
otherwise unaltered.

1130 Convex and concave cylindrical lenses showing

the shape 116 a  Two convex lenses increase the convergence
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(d) Prisms

I'he two most common types of prisms are the
60" and the go"-45°-45". The 60" is used for
dispersion, breaking up white light into the
spectrum (118). The light of shortest wave-
length, blue-violet, 1s deviated more than the
longest, red.

'{"{'E- \ R
Wi v

Diagram r17a shows a parallel beam enlarged, B
and 117b a similar beam reduced in width by
combining convex and concave lenses.

116 b Two concave lenses increase the divergence

118 Dispersion of white light through prism

The right angled prism can also be used in this
way, when the angle of 45° 1s used as the re-
fracting angle. 'T'he more useful property
depends on total internal reflection, which may
be employed 1in two ways (119 a b). In both
prisms the rays meet the glass-to-air surface
at 45, slightly more than the critical angle (1e,
the angle at which reflection into the denser
medium replaces refraction into the less dense
medium). This interface acts as a perfect
mirror and turns the ray through go” or 180".
[Lenses and prisms of all shapes can be cut from
acrylic sheet or turned from an acrylic rod,

117 a Parallel beam enlarged, concave-convex lenses

rr7 b Parallel beam reduced, convex-concave 119 a 45° prism, 9o° deflection of light



rrg b

Ir20

H&

45 prism, 180" deflection of light

Total internal reflection

provided that the working surfaces are well
polished. Acrylic sheet can be bought 1n
thicknesses up to 25 mm. in both sheet and rod.
If a light 1s projected along the length of a rod
the whole rod glows slightly, (unless it 1s very
well polished,) and most of the light emerges
at the far end, which may be turned or sawn to
make a miniature lens (720). Even when 1t 1s
bent into a circle the light still traverses the tull
length of the rod, internal reflection keeping
most of the light within the rod (r2r1).

rzr  Total internal reflection

e e S S e



5 Colour

Light 1s a form of electromagnetic radiation,
and 1s part of a vast spectrum of radiations
extending from long wave broadcasting down-
wards; through television, radar, infra-red
(heat) visible light, ultra-violet (including soft
X-rays), hard X-rays, and finally gamma rays
(nuclear reaction), (r22). The whole of the
visible light represents a little less than an
octave out of some seventy octaves, with a
wavelength of between 4 and 7 ten-thou-
sandths ot a millimetre, and a frequency of
between 7 and 4 hundred million million
vibrations per second. The colour sensitive
receptors 1n the eye are ‘tuned in’ to wave-
lengths of blue, green, and red light (r23), and
whilst they are most sensitive to the wavelength
to which they respond, they can be stimulated
by light of wavelengths on either side, the
response falling off as the wavelengths become
increasingly difterent. 'T'his 1s exactly analogous
to tuning to overlapping stations on the radio.
At a certain point one station will predominate,
and as the tuning is altered a second station
blends with the first, and gradually replaces 1t.
A pure blue light will stimulate the blue re-
ceptors, and a green light the green receptors,
but a blue-green light will stimulate both
kinds, and the brain will register the single
colour of blue-green.

400 500 600 700

my

123 Visual response curve

Electromagnetic spectrum
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(a) Three-colour theory

Newton proved that white light 1s a com-
bination of all the colours of the spectrum by
passing a ray of sunlight through a prism,
resolving the white light into its component
colours, and then recombining the individual
colours into white by passing the ray through
another prism placed in the opposite way to
the first (124).

124 Two prisms used to disperse white lLight and
recombine the colours into white light

The seven colours of the rainbow listed by
Newton were reduced to three by Young, and
this was corroborated by Helmholtz a short
while later. Young and Helmholtz demon-
strated that white light and all the spectral
colours could be formed from three colours of
suitable relative intensities, one each from the
red, green, and blue wavelengths. 'I'here are
several groups of three colours which will give
this effect, but the three purest colours have
been precisely specified, and are used as
the basis for the great majority of work
with coloured light, 1e, stage lighting, colour
‘photography, colour television, and, 1n a
different way, three colour printing. 'T'he three
colours are primary red, with a wavelength of
700 ML, primary green 546.1 my, and primary
blue 435.8 mu. Although light of wavelengths
from 380 to 780 mp may be seen, the two
extremes, 380 to 400 and 700 to 780 are very
dark (125).

e e
400 500 600 700

125 Colour spectrum and wavelength
(b) Additive mixtures of light

When lights of the three colours red, green and
blue are projected onto a screen so that the
colours overlap, the resulting mixture is white

70

light (see colour plate 1). If any two lights are
added together the colours produced are
termed complementary colours, as each of the
colours so formed would, with its respective
primary, make up white light. T'he three colours
are yellow, magenta and cyan (formerly called
peacock blue); yellow being a mixture of red
and green light; magenta, red and blue; and
cyan, blue and green (see colour plate 2).

(c) Subtractive mixtures of light
and pigments

(i) Light

The complementary colours may also be
regarded as white light minus a primary ; yellow
being white minus blue, magenta white minus
green, and cyan, white minus red. The filters
giving the complementary colours are there-
fore called subtractive; as each one removes
the unwanted primary from the white light.

(121) Pigment

Pigments create the sensation of colour by
subtracting from white light the colours not
required, absorbing them as heat, and returning
the light of the colour required. They work by
reflection in the same manner as the comple-
mentary filters work by transmission. When
two pigments are mixed each one absorbs part
of the spectrum, and the overall level of re-
Hected light 1s considerably reduced. This is
similar to passing light through two successive
complementary filters.

(d) Filters

T'here are two types of filter, the interference
hilter and the absorption filter. The former
works by causing light of the undesired wave-
lengths to interfere destructively with itself,
the crests and troughs of the waves nullifying
each other. As energy cannot be destroved, the
transmitted light 1s correspondingly increased
in brilliance, and the filter itself remains cool.
It 1s, however, expensive to produce. The
absorption filter, such as cinemoid sheet, or the
old stage gelatine, absorbs the unwanted
colours as heat, and transmits approximately
the required light. The absorption filter is not



as accurate or as well defined as the interference
filter, but 1s cheap to produce, and sufficiently
accurate for most uses.

The results of combining lights additively and
subtractively are summarised in the filter table
on colour plate 1 opposite page 48. (a) and (b)
show the action of the primary and com-
plementary filters singly. (c) is the additive
combination of any two primary filters. (d)
gives all the subtractive combinations of any
two complementary filters. (e), (f) and (g) all
give no emergent light in the three possible
ways: (e) a primary-complementary pair, (f)
any two primary and (g) all three com-
plementary.

(e) Reaction of light on pigment

Any surface appears to be white, coloured or
black according to the amount and the wave-
length of the light reflected from i1t when 1t 1s
illuminated with white light (see colour plate
q4a). A red spot of paint on a white ground will
reflect only red lLght, whilst the ground 1s
capable of reflecting all lights equally (see
colour plate 4b). If instead of a white light a red
light 1s directed on to the spot and ground, both
the red spot and the white ground will reflect
exactly the same rays (assuming that the
pigment 1s matched to the filter), the red spot
becoming invisible (see colour plate 4c).
Owing to the property of the perceptual system
known as colour constancy, (see section f), the
brain tends to interpret the ground as white,
automatically compensating for the red light
as the whole visual field 1s 1lluminated with red
light. The red spot is therefore interpreted as
white along with the ground.

When a green light 1s used instead, the ground
is still interpreted as white because 1t reflects
a large amount of green light, but the spot,
absorbing all the green light and having no
red light to reflect, appears black (see colour
plate 4d) (see chapter 6 (d)). A yellow light
would enable both red and green spots to be
seen in their true colours, but the ground may
appear to be a yellowish white instead of white
(see colour plate ge).

Similar effects can be demonstrated with red,
blue and magenta lights, and blue-green and
cyvan, but the most spectacular effects are
obtainable with red, green and yellow.

(f) Colour constancy

Objects are always perceived in relationship to
their surroundings. A piece of white paper in a
dim light may actually reflect less light, ob-
jectively measured, than a piece of black paper
in a bright light, but would always look white
as 1t 1s reflecting a much higher proportion of
light than its immediate surroundings. A
window at dusk appears lighter than the wall
of the room in which it is set, but darker than the
wall when the room light is switched on. The
visual mechanism is reacting to the ambient
illumination, and not to a specific part of the
visual field.

Thus a garment known to be white will always
be perceived as white, whether the light be
bright or dim, white or coloured, as the brain
automatically compensates for the overall
intensity and colour of the illumination. The
white ground referred to in section (e) will
always appear white, whether in red, green or
vellow light (unless sufthcient red and green
colour 1s visible in yellow light to give a colour
reference, which does 1in fact occur in a few
cases).

T'he relative brightness of the illumination does
cause a slight change of colour balance. Under
conditions of gradually increasing intensity
colours tend towards blue or yellow, according
to their position in the spectrum. Blue-violet
and blue-green become more blue, green-
yellow and orange-red become yellow (r26a).
With decreasing intensity green-blue and
green-yellow become greener, blue-violet and
orange-red become more deep red (12654).

B Y

BV GB G GY OR

BV G OR

126 a Benzold-Briicke effect, illumination increasing
126 b Benzold-Briicke effect, illunmination decreasing
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(g) Colour focusing

As rays of light of different wavelengths are
refracted at different angles by a lens, the
various colours will come to a focus at different

distances from the lens, blL:;: fﬂtUSlng nearer R—

to the lens than red (r27). 'This occurs 1n the = —
eve, the difference between the two points Y

being approximately 0.6 mm. The eye 1s most B /

sensitive to yellow light, and vellow light 1s the

only one which 1s correctly ftocused. Blue

thEt‘EfDl‘f: h}f::uses I} irm‘?t f}f the retina, and r28 Colour focusing in the eve with red, yellow and
red behind 1t (728). This 1s the same as the blue rays

effect produced by two objects at different
distances (r2¢9), and 1s a possible explanation
of red seeming to advance, and blue to recede.
When well-defined areas of red and blue (or
red and green) are placed together, the eye 1s
endeavouring to accommodate for what 1s 1n
effect two different distances simultaneously,

and LthL‘ colours seem to Hicker, and may cause 129  Focusing in the eve with two objects at different
a mild eve strain. distances

127 Colour focusing
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6 The use of light

Light itself is invisible, and becomes visible
only when it strikes an object and is reflected
from it. The object may be extremely small; a
globule of water vapour in a thick mist, a
particle of dust or smoke, and by itself almost
invisible, but a large number together forms a
translucent mass through which the path of
light 1s made visible by the reflections from the
minute solids.

Coloured lights from several projectors can
cover a white wall with a sequence of changing
colours, or can illuminate carefully planned
three dimensional shapes. If these shapes are
sharply faceted or moulded into curves and
hollows the sequence of coloured lights will
produce areas of colour, hard or soft edged,
covering the solid. T'he projected light may be
hard and crisply focused, giving well defined
edges to shadows, or may be diffused through
pin-head acrylic sheet or frosted glass, which
softens the shadow edges and subdues the
surface variations.

The shadow of objects can be used projected
on to the back of a translucent screen to form an
area of colour which varies with the overlap of
the shadows. The intensity of the lLight, and
hence the colour, may be varied by passing the
light through lenses to concentrate some areas
of it at the expense of the immediately adjacent
areas.

Movement is added to the display by sequential
switching of the lights or by rotating two or
three dimensional forms behind a back pro-
jection screen.

Pigment and light combined can be used to
change two dimensional patterns or three
dimensional shapes, or to create or destroy the
effect of three dimensions on flat or relief
surfaces. These surfaces themselves may be
constructed of translucent material which can
be front or back illuminated to obtain differing
effects from one display.

(a) Projection
(1) Front projection

Front projection on to a screen 1s the most

obvious and straighttorward way of using
projected light, but it is limited by the necessity
for having a low level of general illumination
in front of the screen for the display to be
visible, and by the need for a clear and per-
manently uninterrupted throw from the pro-
jectors to the screen.

When several projectors are soft-focused in
overlapping areas on to a screen, dimming or
sequence switching will result in irregular
patches of mixed colour. If only the three
primary colours of red, green and blue are used
in the projectors, the complementary colours
of cyan, magenta and yellow will appear as well
as white light and the three primaries. (See
colour plate 2).

T'he texture of a surface can be used to enhance
the effect of projected light. A light shining
stdeways across a corrugated surface (corru-
gated cardboard painted white) illuminates
one side of the corrugations, and the alternating
bright and shadow areas increase the apparent
depth of the hollows (r30a). A light shining

130 a Corrugated card illuminated from the side




parallel to the corrugations will have much less
effect, and will flatten the surface (1306). A
rotating circle of card will therefore change
colour 1if it 1s 1lluminated by two differently
coloured projectors at right angles, or will
change from bars of two distinct colours to a
mixture of the two colours with two projectors
opposite each other (13ra b).

r3r a Corrugated card tlluminated by two projectors
at o

131 b Corrugated card tlluminated by two projectors
at 180"

Alternatively, a relief surface built up of
geometricunits can have changing crosslighting
(as in chapter 3) but with the emphasis on colour
instead of on form. The relief area can be swept
by a spot of light, using a rotor/stator mask or
a rotating spotlight.

(11) Back projection

Back projection is less restricted in use than
front projection, but the translucent screen is
usually much more expensive to make than a
screen for front projection. The main advantage
of back projection 1s that it can be used in
daylight, provided that the screen itself is not

74

directly illuminated. A small self-contained
display need be no more than a foot deep 1f 1t
uses the rotor/stator system, and even with
projection can be fitted into two feet or less.
There can be no interruption in the throw, as
nothing can pass between the projector and the
screen: the chief restriction is one of size.

Back projection screens can be made from
several different materials. Ground glass 1s
very eflicient, but easily broken; opal acrylic
sheet transmits less light, and 1s expensive, but
with reasonable care it is unbreakable. I'racing
paper stretched in a frame or attached at the
edges to clear acrylic sheet or glass is quite
effective, and though 1t 1s very vulnerable when
it 1s unsupported, 1t 1s very cheap. Organdie
stretched in a frame can sometimes be useful,
but the light sources tend to be visible through
the weave of the fabric. A household sheet
makes a reasonably efficient large scale screen,
but it is impossible to obtain sharp definition
or fine lines on 1t, and the light loss 1s fairly high.
Simple changes of light are better with back
projection than with front, but the most
effective use of back projection 1s with shadows
cast by solid forms. A cylinder with its axis
placed vertically will give the same shadow
regardless of the direction of the light (132),
apart from the difference in width or the change
of the shadow edge caused by the change in the
angle of the beam and the relative distances of
the projector and cylinder from the screen. Any
other solid will cast shadows of different
proportions or shapes from different angles. A
cube, diagram 133, will cast a square or rectan-
gular shadow, depending on whether the width
of the shadow 1s the length of the side or of the

diagonal of the cube. A thin flat solid will cast
a wide or narrow shadow with the projectors

132 Shadow of cylinder (back projection)



133 Shadow of cube (back projection)

at right angles, ie, parallel to its axes (134abc).
Solids with slanting edges (except for a simple
pyramid) will change considerably, especially
if there are projecting vertices on the solid.

If two projectors have complementary filters
the shadows will be on a white ground, eg,
green/magenta, the shadows will be magenta or
green on a white ground. With any two prim-
aries, the shadows will be on a ground which is
the complementary of the third colour. eg,
green/red, the shadows will be red or green on
a yellow ground.

o

134 a Unequal shadows cast by rectangular block

Green

Magenta

e . .

magenta

greeh white

r34 b  Coloured shadows on a white ground, from two
projectors with a primary-complementary pair of filters
and one object

Green

Red

V

134 ¢ Primary shadows on a complementary ground
from two projectors with two different primary filters

The position of the object between the pro-
jector and the screen influences the sharpness
of the shadow edge. When the object-screen
distance 1s small compared with the projector/
object distance the shadow edges are sharp
(135a). When the object/screen distance is
large compared with the projector/object
distance the shadow edges are soft, as the area
illuminated by at least part of the light from the
lens occupies a greater proportion of the total
shadow area (135b6).

-

135 a Hard shadow edge
135 b Soft shadow edge



Though these principles are in themselves
quite simple and obvious, there i1s a very wide
field waiting to be explored in the application
of these principles. Sequential switching of
projectors, rotor/stator light movement, and
rotation of the solid or solids by small motors
all add to the creative possibilities of the
medium of back projection.

(b) Three-dimensional solids
(1) Static

The intensity with which a given light 1l-
luminates an area depends partly on the angle
at which the light 1s incident upon the surface.
A parallel beam falling almost vertically on a
surface illuminates an area little larger than the
lens through which 1t passes, and the intensity
is therefore high (136 left). As the angle of
incidence increases, and as the light 1s assumed
to be constant, the intensity of the illumination
will decrease according to the sine of the angle
(136 right).

136  High and low intensity of illumination, varying
with the angle of incidence from beams of equal size and
intensity

If two projectors with primary filters both
tlluminate the same area and are at the same
angle of incidence, then, assuming that the
light intensity of both is the same, the area will
appear to be the appropriate complementary
colour (r37). If the angles of incidence are
greatly different one projector will predominate
to a degree dependant on the area over which
the light from each projector i1s spread (138),
and the resulting colour i1s between that of the
complementary colour and the stronger prim-
ary.

A facetted solid, eg, a dodecahedron or an
icosahedron, will receive light at different

=

/6

angles from different projectors placed round
it. and will therefore display mixtures of
colours on its illuminated faces. (See colour
plate 2 facing page 65.)

A heavily textured or a modelled area, when
cross-lit from different angles will show a wide
variety of colours on its facets.

137 Complementary colour from two primaries

138 Intermediate colour from two primaries of
unequal intensity due to different angles of incidence

(11) Moving solids

It faceted solids, either standing on a turntable
or suspended from above, are rotated slowly
in the beams from two or three projectors, the
proportions of colours falling on the faces are
continually changing. With careful planning of
faces and colours the appearance of the solid
can be made to change completely, concave
shapes appearing to become convex, and vice
versa, as the balance of the colours on the facets
changes. Solids with re-entrant faces are
usually most useful for this type of display.



In Chronos 8 (139) by Nicolas Schoffer the
whole structure revolves, and the small re-
flectors rotate independently. Sphere Trame
(140) by Francgois Morellet provides con-
tinually changing movement through the
three-dimensional cubic grid or lattice which,
when rotated, gives multiple shadows and
reHections in the light from the powerful
projectors.
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(c) Lenses, prisms and mirrors

e
e

e

GRS :
o 2

o e

Thhe path of light rays through lenses and

prisms and the reflections of rays from mirrors o
cannot be seen under normal conditions.

If light i1s projected through cylindrical lenses
which are standing on a white ground or on a
translucent screen (1e, opal acrylic sheet or
tracing paper on glass), the tracks of the rays
are then visible from above or below the
surface respectively. By using several elements .

linear compositions may be built up (147
a-1). A static display can be given movement o

by moving the first lens in the path of the beam
as in diagrams (141 a-g), or by rotating the
whole composition on a turntable attached to
the spindle of a synchronous clock motor or
hung from a similar motor overhead.
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139 ‘Chronos 8 by Nicolas Schoffer
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142 a—g  Apparently three-dimensional shapes created
by projecting a beam of light through cylindrical lenses B
at wrregular angles to the axes of the lenses

o)

Other compositions can be formed from
cylindrical lenses, singly or in groups, which
are placed at angles other than a right angle to
the beam of light. T'he resulting spread of light
creates strongly three dimensional shapes.
Figures r42 a-g show both convex and con-
cave lenses used in this manner, and figures
143 a-b shows prisms used similarly. (See
also colour plate 2 tacing page 65.)
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143 b

T

When a parallel beam of light falls on to a
concave cylindrical mirror the beam i1s re-
Hected and concentrated towards the focus of
the mirror. As rays from the outer parts of the
mirror converge at a point nearer to the mirror
than rays from the inner part, a bright curved
line, the caustic curve 1s formed (144). If the
mirror 1s swept by a wide beam or by several




parallel rays of light the caustic curve swings
rapidly across the field (144 a-d).

144 a Caustic curve

r44 b, c and d Caustic curve in movement

32

The rays may be made to scan the mirror by
using either a cylindrical (can) shutter or a
disc shutter. The latter 1s ssmply the rotor of
the rotor/stator system, though timing can be
varied by having slots of different widths with
different intervals between them, and a longer
cycling period 1s obtained by passing the beam
through two successive shutters rotating at
different speeds (145 a, b). The can shutter,
as 1ts name implies, 1s a slotted cylinder which
encloses the bulb, and is driven by a synchro-
nous motor (146).

145 a One disc shutter

T'wwo disc shutters
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rq46 Can shutter

Prisms can be used either for dispersing light
into 1ts component colours or for altering the
directions of rays by reflection or refraction
(see chapter 4 (d)). These properties may be y . :
exploited by rotating a prism 1in a multiple . I
beam of light and picking up the reflected or ' |

refracted rays in lenses or mirrors surrounding
the central rotating prism (r47). c

147 a—g Prism rotated in multiple beam
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! 148 Inclined mirrors
(a) o

o
Ray-track displays can often be enhanced by
using the kaleidoscope technique of reflections
in  mutually inclined mirrors to produce
multiple images. Instead of looking down the
line of intersection of the two mirrors, as in the
kaleidoscope, the spectator looks into the two
mirrors which are arranged symmetrically
about the line of vision of the spectator, and
behind the display (r48). Angles of go” and
6o between the mirrors give fourfold (a) and
sixfold (b) symmetry respectively, and the
display will, under these circumstances be
symmetrical. An angle of 72" will give fivefold
svmmetry, (c) which in many ways 1s less
static than four or sixfold symmetry, but needs
a symmetrical display to produce the best
effect, and 120" will give a threefold symmetry
(d) which can appear even less balanced than
the fivefold. Sixfold symmetry 1s the smallest
that will produce a completely symmetrical
display under all circumstances. (¢} 72

(b) 6o°

54



(d) Light and pigments

Displays involving coloured light and pigment
together are often the most spectacular of all.
A change 1n the colour of the illuminating light
can cause a complete tonal reversal in many
cases, or a change from an extreme tone to a
mid-grey. Illustrations a-e on colour plate 4
show a pattern of interlaced red and green
strips and yellow squares under white light,
the three primaries red, green and blue and the
complementary yellow formed by red and
green. Under different colours the emphasis
changes from checks to horizontal or vertical
lines, or grouped patterns. In diagram r49 the
hexagonal design of the rhomboids (a) becomes
three cubes seen from above (b), or three cubes
seen from below (¢). The reverse effect can be
produced by painting the faces of cubes 1n
different colours, the correct lighting reducing
the three dimensional form toa two dimensional
pattern.

149 a, b and ¢ Effect of coloured light on pigment.
Hexagonal pattern
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(e) Polarised light

Light waves vibrate transversely across the
direction of the ray, like the waves produced
in a rope when one end 1s moved rapidly up and
down. The light from a normal source vibrates
in all directions, as if the rope were being shaken
vertically, horizontally and diagonally, all at
once. Under certain conditions all the move-
ments except those in one plane only can be
eliminated from the ray, and the light is then
plane polarised or simply polarised.

Polarisation can be caused by simple reflection,
by passing the light through a prism con-
structed from one of a particular group of
minerals, or by using a synthetic filter of
Polaroid sheet. At a certain well-defined angle
of incidence (57° from the vertical) reflected
light 1s almost completely plane polarised, and
light reflected at other angles 1s partially
polarised, the degree of polarisation falling off
either side of the angle of 57°. Polaroid sheet
stops all the vibrations except for those in one
plane only, and the efficiency of Polaroid
sunglasses depends on the fact that the polaroid
1s so orientated in the spectacle frames that it
absorbs the rays that are reflected directly
from the surface ahead (such as the road when
driving towards the sun), and transmits only
the rays that are not directly reflected. This can
be demonstrated by turning Polaroid sunglasses
until the frames are vertical, and in this position
the glare from reflected light is almost as
intense as it would be without the glasses. The
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effect may best be visualised by imagining a
rope passed through a vertical slot 1in a fence,
and then through a horizontal slot in a gate.
If the rope is shaken vertically the waves will
penetrate the fence, but fail to penetrate the
gate. If it is shaken horizontally 1t will not even
pass the fence. Therefore if two pieces of
polaroid sheet are held so that they polarise the
light in the same plane the light will be trans-
mitted, but if they are ‘crossed’ the light passing
the first will be stopped by the second.

Certain substances, among them cellophane,
are bi-refringent, that is they have the property
of transmitting light at different velocities in
different directions. For reasons too complex
to be dealt with here, if a sheet of cellophane 1s
crumpled and placed between two crossed
sheets of polaroid, or if strips of transparent
adhesive tape are stuck on to an acrylic sheet
and placed between crossed polaroids, some
light passes through the second sheet. Because
light of some wavelengths emerging from the
cellophane by different paths is ‘out of phase’,
the waves cancel each other out, and no light
of that particular wavelength is transmitted,
removing that particular colour from the
white light. Light of other wavelengths
emerges ‘in phase’ and is therefore able to
penetrate the second sheet of polaroid, giving
rise to the sensation of the corresponding
colour. The colours change as the cellophane
or the polaroid 1s moved, and give some very
beautiful and subtle effects (see Polaroid
circles, colour plate 4, facing page 113).



Part 111
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= Control of light: mechanical

A beam of light may be controlled in two
ways, by altering the light source with dimmers
or switches, or by interrupting the beam after
it leaves the projector, the light source itself
remaining constant. For convenience the
present chapter deals with altering the beam
mechanically from a constant source, and
subsequent chapters with dimming and switch-
ing, both electrically and electronically. The
divisions are arbitrary, and necessarily overlap
to some extent, but they form convenient
starting points.

(a) Shutter

I'he simplest form of control 1s the shutter.
Used rapidly this 1s quite adequate as an on-off
switch, but a slow movement allows the shadow

150 Shding shutter
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edge of the shutter to be visible as it crosses the
field. A shutter sliding sideways with a stop to
limit the range of movement can be operated
quite rapidly enough to make a clean switch-
over (150), (see Appendix page 133 for details
of construction). A rotating shutter i1s equally
effective, and may have 1ts axis at right angles
to the beam (151a), or paralleltoit (151b). The
shutter with the transverse spindle can be
remotely controlled from behind the projector,
and both the rotating shutter with the axial
spindle and the sliding shutter can be con-
trolled from the side.

T'o control intensity the light can be masked off
by a shutter with a series of holes of different
sizes. Some form of gate similar to a motorcycle
gear lever gate 1s necessary for the operating



e

Rotary shutter, axial spindle

51 a

e spindle

Ers

transy

shutter

r51 b  Retary



lever to provide the positive positioning of the
shutter (r52).

A wvariable shutter can be made from two
fishtail shutters working in opposite directions
(r53), (a modification of the rotor-stator
system, see section c¢). A loop of cord tacked
to the shutters and run over two curtain track
pulleys gives the contrary motion. The unit is
operated by pulling the cord or sliding one half

only.
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If the long shutter of diagram r52 1s made of
acrylic sheet and filters applied, 1t forms a
colour change unit. Cinemoid filters of pro-
fessional standard are the best to use, and a
cellulose tape provides a good temporary
fixing, or acrylic sheet cement a permanent

fixing. Coloured tissue paper glued on with
dabs of paste at the corners makes an effective

and cheap substitute for limited use.
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(b) Rotating disc

A very effective way of controlling light in
both colour and intensity is by a rotating disc
driven by a small motor. Synchronous motors
are available in a range of speeds from 6 rev/
min to 6 rev/hour, use little current, and are
quite powerful enough.

The simplest disc is made of segments of
cinemoid sheet stuck temporarily to an acrylic
sheet disc with cellulose tape (see Appendix
page 133 for constructional details). Though
not as permanent as a segmented disc of
coloured acrylic sheet cemented together, 1t 1s
cheaper, and the colours can be changed
quickly.

'T’he obvious colour change 1s simple segments
(154). The colours sweep across the field with
a radial division, rotary motion, and change 1s
abrupt. When cross fading between colours 1s
needed the filters are overlapped at the changes
(155). The double layer is of course darker
than the single, but if weaker filters are used,
the overlap 1s not too dark, and the main area
of each colour is built up of two or three layers
to balance the intensity of the different seg-
ments (156).

r54 Segmented disc

155 Segmented disc, with overlap

\

156 Segmented disc, with overlap, detail of con-
struction

A radial movement of the colour boundary
provides a change from the pure rotary move-
ment, and may be mixed with it on the same
disc. A curved profile to the filter 1s needed
(see (c), T'he Rotor/stator system), and to keep
the colour edge reasonably at right angles to
the radius of the disc, a fairly large segment is
required, unless the projector lens 1s fairly
small in relation to the disc (r57).

157 Radial movement of colour edge

A steady alternation of two colours 1s given by
a wave-like join running round the disc (158 ),
and a continuous upwards (or downwards)
movement results from spiral joins (159).

158 Continuously reciprocating radial alternation
r59 Continous unidirectional radial alternation
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Fish-tail joints (160), give continuously ex-
panding (or contracting) colours, the point
introducing the new colour in the centre of the
hield.

rbo  Continuously expanding (or contracting ) fishtail

Changes of intensity of white or monochro-
matic hght 1s easily provided by applying
successive layers of very thin tissue paper to
the acrylic sheet disc, building up a step-
wedge (r6r), and for an automatic on-off
sequence thin card 1s used instead of paper
{ TGz ).

161  Step-wedge disc

9?2

—

162  Seomented disc

(c) The rotor-stator system

This is the basic system from which the prev-
ious examples have been derived. The rotor 1s
an opaque disc with holes or slots cut 1n 1t, and
again acrylic sheet and black paper masks can
be used. Discs can be made of strawboard or
hardboard, or even sheet aluminium, but they
are more difficult to work, and 1n the case of the
two boards, the edges are never very clear-cut.
T'he stator 1s a stationary member of similar
construction, and the light passing through the
holes in the disc 1s masked selectively by the
stator (163), (a) front elevation, (b) side
elevation. T'he front of the stator 1s concealed
by a translucent screen (acrylic sheet, opal o050,
or tracing paper stretched in a frame). If this
screen 18 near to the stator the edges of the areas
of light are sharp, and if the screen 1s a few
centimetres away they are softer. The screen,
stator, rotor and light source or sources are
totally enclosed 1in a box, of which the screen
forms the front (164). Ventilation 1s necessary
in the back of the box to permit the dissipation
of the heat generated by the lamps.

(a) front elevation (b) side elevation

163 Rotor/stator svstem



164 Rotor|[stator back-projection unit, cross section

T'he rotors are driven conveniently by synchro-
nous motors, old tape recorder or record player
motors, Meccano motors, etc, or via some form
of gearing or belt drive (see page g4) from an
old washing machine or suction cleaner motor.
If several rotors need to be driven simul-
taneously, the simplest method i1s to run an
endless band round all the pulleys and the
drive, different speeds being obtained from
different sized pulleys. The most effective way
1s Meccano chain and sprockets, but belts can
be devised from square-section model aero-
plane rubber or expanding curtain taut rod
running over turned wooden pulleys (r65a),
and appendix. Diagram 165 shows two discs
partially overlapping in side elevation, (b) and
(c) are rear elevation, (b) with both pulleys
rotating in the same direction, (¢) with the
pulleys rotating in opposite directions, an idler
taking the belt or chain down to give a sufhci-
ently large arc of contact to the lower driving
pulley or sprocket.

-
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|

|

165 a Rotor|stator system, two overlapping rotors,
cross section

165 b Rotor|stator system, two overlapping rotors,
end elevation, similarly rotating discs
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165 ¢ Rotor[stator system, two overlapping rotors,
end elevation, contra-rvotating discs

The fixing boss in the centre of the rotor 1s
occasionally a nuisance, but a clear centre 1s
possible 1f the rotor 1s mounted as in 166. The
pulleys are built up from centre-bored dowel-
ling or slices of cotton reel, with flanges of 3 mm
plywood glued and pinned to the ends. A
friction drive 1s used to turn the disc. A small
piece of rubber tube i1s put on to the driving
pulley before the second flange 1s glued on, or
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166 Rotor with clear centre
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a sleeve placed on a spindle of a small electric
motor positioned so that the spindle bears on
the edge of the disc, thus providing the neces-
sary reduction gear at the same time. A change
of gear ratio i1s provided by using a centre-
drilled rubber bung (such as those used for
scientific apparatus) instead of the rubber tube
on the motor spindle, or a speed control from
an electric drill used if the motor 18 a com-
mutator motor. If the motor i1s housed in a
frame pivoted on the rotor side of the ¢entre
of gravity of the motor, the weight of the motor
holds the spindle against the rotor, and saves
having to use springs or weights (167 ).

167 Motor in housing bearing on the edge of disc
(friction drive)

T'wo rotors, one a colour disc, can be mounted
concentrically on the same spindle by using the
clock-hand type of mechanism (168). The
outer rotor 1s mounted on the solid rod spindle
as usual, and the inner rotor 1s mounted on a
tube through which the rod passes. At the rear
of the unit the tube and the rod have pulleys
fastened similarly at the ends. The tube has a
threaded flange to which the inner rotor and
pulley are screwed, and the outer rotor and
pulley are lock-nutted to the rod as usual
(see Appendix). Drive is from a double pulley
on the rotor spindle, with one endless belt

(169).

2 r[vl kafl
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168 Concentric spindle mechanism
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169 Endless belt drive for two rotors

The movement of the areas of light on the
screen are determined by the shapes of the
holes or slots in the rotor and stator. The
principle is similar to that of Crova’s disc, used
to demonstrate the passage of compression
waves, (eg, sound waves). If a spiral 1s rotated
behind a fixed slot, the effects observed 1s of
lines moving outwards (r70 a, b and c¢)
show successive positions of the lines. When
the spiral 1s replaced by a spiral slot in a black
paper disc glued to an acrylic sheet disc, the
spots of light move outwards along the straight
slot 1in front of the disc. A large spot moving
outwards 1s plotted in detail in diagram r771.
The spot must, in this case, advance radially
an equal amount for equal angles of rotation.
T'he basic spiral 1s plotted first, the angles
being marked anti-clockwise from the centre
if the disc 1s rotating clockwise. Concentric
circles are drawn at equal intervals, crossing
the radii, and successive crossing points are
joined with a smooth curve.

A continuous 1n and out oscillation, like the
colour change in diagram 158 results from a
continuous inward and outward curve. T'wo
curves may be placed on the same disc so that
the lights move towards and away from each
other (172). T'he stator may equally well have
two slots, ora Y shaped slot, so that two or three
lights can move simultaneously.

[f a movement is required to pass beyond the
centre of the disc, the disc i1s replaced by a drum
(173). Two slots from top to bottom of the
drum will give a steady movement of the light
for the whole distance. The effect in this case
can be doubled by adding a second light source
behind the drum (1r74).
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170 a, b and ¢ Three successive positions in spiral
movement behind a slot

171 a, b and ¢ Radial movement of spot with spiral
rotor slot

/o~

172 Two spots in continuous contrary mouvement 173 Drum rotor



174  Drwm rotor with two light sources (plan)
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Plate 3

Coloured light projected through a cylindrical convex
lens
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8 Control of light: electro-mechanical

1'his chapter deals with various methods of
switching the light on and off, and with dim-
ming with rheostats or resistances. It includes
remote control relay switching and mechanical
operation, but the actuation of relays by a
light-sensitive circuit or by sound, etc, is left
to further chapters.

(a) Relay switching
(1) Iron-cored relays

An 1ron cored relay consists of a coil of wire
round a soft iron core which forms an electro-
magnet when a current i1s passed through the
cotl, and a movable contact which 1s pulled in
by the magnet. 175a 1s a photograph of a typical
ex-equipment relay and (b) a photograph of a
miniature relay. 176 1s an enlarged diagram of
the three types ot contact, designated by the
state of the switch when the relay 1s not ener-
gised. (a) 1s normally open (n/o), (b) 1s normally
closed (n/c). and (c¢) 1s change-over (c/o).
(c)(1) 1s break-before-make (B-M) or non-
shorting, when there 1s a definite break
during the change-over and (c)(11) 1s make-
before-break (M -B) or shorting, which means
that at the change-over two circuits are alive
simultaneously and the surge of current must
be allowed for. The ex-equipment relay in the
photograph has two sets of change-over
contacts on one side (break-before-make), and
three sets of on-off contacts on the other, one
normally closed and two normally open. T'he
miniature plug-in relay has two sets of change-
over contacts. Relays are classified by the
operating voltage and resistance, and by the
voltage and current that the contacts can carry.
This is normally the maximum amount of
current that can be safely made or broken
without undue arcing at the contacts. Cold
electric lamps have a low resistance, and there
1s a surge of current until the resistance rises as
the filament heats up. The maximum current
that can be made or broken is therefore less than
the contacts would carry under steady load

conditions. This of course applies to all forms
of switch contacts, and not only to relays.

175 Iron-cored relays :
(a) ex-equipment

(b) muniature
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176 a Normally open contacts
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176 b Normally closed contacts
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176 ¢ Change-over contacts (1) break-before-make
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o TI‘ | (11 ) make-before-break
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(11) Dry reed velays

Dry reed relays or reed switches are miniature,
fast-acting relays; r77a (i) 1s a cross section of
a typical reed switch. The two contacts are
enclosed 1n an evacuated glass envelope a (i1,
and the leads are brought out at the ends. ''he
contacts are plated with a non-corroding metal,
such as gold or palladium, and as they are 1n a
near vacuum are free from dust, damp, etc. A
coil (b)1s placed round the envelope, and when a
current 1s passed through the coil the magnetic
field moves the contacts. A small permanent
magnet may also be used to operate the switch
or bias it normally closed. Because of mechani-
cal simplicity and the freedom from con-
tamination, dry-reed relays are much more
reliable than the 1ron-cored relays for many
applications. T'heir main disadvantage 1s that
at the present stage of development they will
carry only small currents.

e e e o

177 a Dry reed relay
(1) Cross section of typical reed switch

(11) Glass envelope in which the two contacts are
enclosed

177 b Operating coil

(b) Rotary drum switching
(1) Drum switch

A rotating drum is used when a cycle of lights
has to repeat 1tself, eg, traffic lights. There are
two basic forms, one having contacts on the
drum, and the other having projections which
activate switches. A drum can be made by

08

applying strips of thin copper or brass foil
(0’1 mm or 0-004 in) or aluminium to a wooden
roller, or a strong cardboard tube plugged at
the ends (r78a), or by cutting an insulating
mask of thin flexible plastic sheet (PVC) and
applying to it a metal tube or circular tin can
(c). Contact strips made of hard brass (or
terminal strips of exhausted flat two or three
cell torch batteries) bear on the strips on the
drum, and as the latter rotates the current
flows whilst there 1s metal-to-metal contact,
but stops when the contact strip rides on to the
insulated portion of its track. With a set speed
of rotation the number of makes and breaks and
the durations can be planned quite accurately.
If the feed to all the circuits i1s the same, a slip
ring at the end of the drum will pick up the
current from the input contact (C 1n), and a
wire to all the strips on the insulated drum (a)
will supply complete the circuits to the output
contacts (C out). The metal drum will of course
be live itself. A spindle may be soldered to each
end of the metal drum, or two wooden plugs
the diameter of the drum may be pressed in
the ends to carry the spindle. If the circuits are
to be separate each needs its own slip ring
(C in), and contact strip (C out) on an insulated
(wooden) drum (b).

P AT
.. P

)

VS e

178  Drum switches
(a) Insulated (axonometric and cross-section )
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(continued) Insulated (side elevation )
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(b) Insulated (separate circuits)
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179 Cam switches (a) Actan

(¢) Live
(11) Cam switch

1’he cam switch consists of a series of cams,
each actuating a micro switch. r7¢ (a) and (b)
are professional switches of this type. Equiva-
lents (c¢) can be made from two inch dowelling
with galvanised iron wire cam lobes driven into
the wood (c1), or strips of strawboard glued and
pinned to a cardboard tube (c 1n).

When two contacts carrying a current are
separated the current will continue to flow
across the gap until either the gap increases
until 1t 1s too large for the arc to be maintained,
or the voltage drops until it cannot maintain
the current across the existing gap. A direct
current (d.c.) which flows steadily in the same
direction would therefore need breaking by
increasing the gap, and the faster the contacts
were separated the less arcing would occur.
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(11 ) cardboard
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An alternating current (a.c.), on the other
hand, rises from zero to a positive peak, falls
through zero to a negative peak, and rises to
zero again to complete the cycle. The arc
caused by interrupting the current 1s therefore
self-extinguishing, as 1t cannot be maintained
beyond o volts, and a slow small break would
keep the spark to a minimum.

(c) Micro switches

T'he micro (micro-gap) switch is designed to
handle a.c. only, and is totally unsuitable for
d.c. use, except at low voltages. A switch rated
at 5 amps, 240 volts a.c. may be rated at no more
than 0.5 A, 12 V, d.c. Because of the small
movement required to separate the contacts
the switch needs only a small light movement
to operate it. Various types of lever are avail-
able, press button, roller arm, etc (180).
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180  Micro switches (a) open



(b) closed

(d) Mercury switches

A mercury switch consists of a glass envelope
with contacts sealed into the glass and a small
pool of mercury which, when the switch is
tilted, runs along the inside envelope and
makes or breaks the contacts. (181). This
switch 1s useful when a mechanical movement
has to cause an electrical effect, such as switch-
ing on a light when a loose floor panel is tilted
by stepping on to 1it.

181 Mercury switches
(a) Metal to mercury contact

(b) Mercury to mercury contact

(e) Dimming

Any conductor has a certain amount of re-
sistance to the passage of an electric current,
which causes a slight voltage drop between

the ends of the conductor. If cable of the correct
diameter 1s used the voltage drop in normal
use 1s neghgible.

Certain substances will pass some current, but
as the electrons in them are more tightly bound
to the nuclen of the atoms than those of good
conductors, more power 18 used overcoming
the resistance of the electrons to being moved.
If a component made of one of these resisting
substances 1s included 1n a circuit, there will be
an appreciable voltage drop across it, and less
power will be available for the load. Such a
component 1s called a resistor (formerly a
resistance). (See chapter g, Components).

A resistor may be variable, in which case the
voltage applied to the load 1s gradually reduced,
or a number of resistors can be switched 1n, 1n
series, so that the voltage 1s changed 1n several
distinct steps. A rotary drum with cams
holding the switches on for a given period 1s
the simplest form of electro-mechanical dim-
mer (see 779). The wiring diagram for a six-
step dimmer 1s given in r182. When all the
switches are open all the resistors are in circuit,
and as the switches from 1 to 6 close in sequence,
the resistors are cut out from R 1 onwards.
Switch S 6 cuts out the whole chain. Typical
values of resistors are given to drop a 150-watt
lamp to the lowest practical level. Light values
have to increase logarithmically to create the
visual impression of equal steps, and a satis-
factory low level 1s obtained when the total
resistance 1n series with the lamp approximates
to the resistance of the lamp 1itselt. (183 ) gives
the cam settings for a 6-gang rotary cam switch
set to give equal times cycling down and up.
Change-over switches are used so that by
taking the common terminal and only one of
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182 _:"):rfagmm of resistor-chain, cyvcling dimmer
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the other two terminals the switches can be
treated as normally open or normally closed
as 1ndicated.

N/C
6 54 3 %]

N/ O

183 Cam settings for 182 to grve even stepping
forfading down and up

When a lamp needs permanent dimming, such
as an indicator lamp which 1s too bright on a
switchboard, a resistor in series with the lamp
will drop some of the voltage and reduce the
brightness of the lamp. A series resistor is also
used to drop a voltage permanently to a lower
level, eg, to run a neon indicator on a mains
supply, or a 6-volt car radio from a 12-volt
supply. Assuming that a typical 6-volt bulb
draws o.1 A, and is to be run from a 15-volt
supply, a series resistor will have to drop g V
at o.1 A. 'T'he value 1s calculated from the

-
A

formula: R T (see chapter 11, section (b)).

: 0
e R=— — Q0
= 0.1 9=

T'he resistor will have to be able to dissipate
the power without overheating, and the power
rating 1s calculated from the formula:
S|
e P=¢g xXo.r=0q9 W
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or P=I12R =(0.1)* X g0
—0.9 W.

0.01 % QO

Therefore a go ohm 1 watt resistor would just
be sufficient. A cement coated wire wound
resistor on a ceramic former running near its
limit could easily reach a body surface tem-
perature of 250" to 300" C, and provision must
be made to keep it away from components
liable to be damaged, and to dissipate heat.

As the resistance of a tungsten filament lamp
varies non-linearly with temperature, there 1s
no simple way of calculating the values of the
resistors. 'T'he following table gives the cor-
rected experimental results for a 250 volt
150 watt pearl lamp run at 240 volts.
V.. voltage across the lamp
Vi voltage across the resistor
| light output (lumens)
| current (amps)
R, external resistance
R,_, individual resistors ot chain

(1 and 2, one amp rating, 3 to 6, half amp

rating).
g “VH I R R, . I
1 | 240 o | o'570 o o 1700
2. | 214 26 | 0.53% 48 | 48, | 1065
20 180 51 | 0.503 | 102 | 524 660
4 | 166 74 | 0473 | 156 | 543, 412
5| 146 | 94 | 0.445 | 210 | 54, 256
6 | 130 | 110 | ©.420 | 260 | 50, 160
7 | 120 | 120 | 0.400 | 300 | 40 100




9 Control of light: electronic

Simple electronic circuits which react to light,
sound, or touch, or to small signal currents
trom the output of a tape-recorder, etc. can
easily be used to control relays or reed switches,
or to control thyristors (silicon controlled
rectifiers). With thyristors in particular, loads
of up to 2 kilowatts can be switched by signals
ot the order of 150 milliwatts. Thyristors are
used for dimming as well as switching, the
thyristor units having a number of advantages
over the conventional rheostats or resistances.

(a) Semiconductor devices

Semiconductor devices are used in these
circuits as they have several advantages over
the thermionic valves which could also be used.
A semiconductor requires much less power to
drive it than a valve performing an equivalent
function. There 1s usually a negligible amount
of heat generated, and this can be dissipated
quite easily by a metallic heat sink in mechanical
contact with the semiconductorifitisnecessary.
Semiconductors are usually quite small, and
units can easily be built up on a perforated
laminated board (synthetic resin bonded
paper) with copper strips on the underside
(eg, Veroboard), and will occupy little space.
The valve requires a supply for the cathode
heater filament, which necessitates a mains
transformer or a comparatively large battery;
but the semiconductor needs only a small
voltage bias, which is in no way comparable.
The semiconductor device 1s made of crystals
of either germanium or silicon which have first
been purified to better than one part in ten
thousand million, and have then had precisely
controlled quantities of impurities added to
them in the proportion of about one part per
ten to a hundred million. T'he crystal in 1ts pure
state i1s a poor conductor, as the atoms are
bound together in a stable lattice, in which
each atom has four electrons (valency elect-
rons) in its outer shell, forming bonds with
similar electrons of the four neighbouring

atoms. Diagram 184 shows a two dimensional
form, and 185 a three dimensional repre-
sentation of a single atom, (a body-centred cube
with the electrons at the vertices of the in-
scribed tetrahedron). 'T'he impurities are
elements of a similar group, but with three or
five valency electrons instead of four.
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184 Crystal f-:i'f.t?.ce

185 Tetrahedral structure in a cube

If arsenic (or antimony) with five valency
electrons 1s added to germanium (or silicon),
there will be some electrons loosely held by the
nucleir of their respective atoms (186). These
extra electrons are free to wander through the
crystal lattice, and though the whole crystal 1s
still electrically neutral, 1t 1s called N (negative)
type, as 1t has some freely moving negatively
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charged electrons. Arsenic is called a donor
impurity as it donates the mobile electrons.
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[f indium (or aluminium) with only three
valency electrons 1s added to the crystal of
germanium (or silicon), the whole crystal,
though still electrically neutral, now has a
number of empty spaces in the lattice, diagram
187. Electrons keep on moving from hole to
hole, and this has the same eftect as holes
moving in the opposite direction. If an electron
moves to a hole on its right the hole ‘moves’
to the atom on 1ts left. As a negatively charged
electron will combine with a hole, the holes are
considered to be positively charged. Indium
1s called an acceptor impurity, as the vacant
space enables 1t to accept electrons from the
neighbouring atoms to complete the stable
four-electron structure. When two pieces of
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187  Acceptor atoms
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crystal, one P-type and one N-type are joined
together to form a pn junction, negatively
charged electrons from the N side cross to
recombine with spare positively charged holes
on the P side of the junction, and leave behind
donor atoms which are now electrically positive
as they are an electron short. At the same time
positively charged holes from the P side cross
to the N side of the junction and leave behind
acceptor atoms which are electrically negative.
The area of the crystal round the junction 1n
this way develops a charge which inhibits
further movement of the electrons and holes
(188 ).
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188 P N junction

(b) Junction diode

[t a battery 1s connected to the crystal with the
positive terminal to the P side, and negative
to the N side, the electrical pressure forces
extra electrons into the N side, and extra holes
into the P side of the crystal (7189 ). The junction
1s now said to be forward biased, and conducts
freely.
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189 P N junction : forward bias

When the battery polarities are reversed,
diagram 190, the negative electrons are pulled
away from the junction to the positive terminal
of the battery, and the positive holes towards
the negative terminal of the battery. No further
drift of electrons or holes can now take place,
and the current ceases to flow. This condition
1s called reverse bias.
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1go P N junction : reverse bias

The junction diode works in this way, and is
used as a one-way ‘valve’, permitting current to
How only when 1t i1s forward biased. The
rectifier circuits (chapter Xr11, section (b)),
employ semiconductor diodes for this purpose.

(c) Transistor

A three-layer device has a very thin section of
crystal of one type (the base), between two
larger sections of the opposite type (19r). It
the first junction has a forward bias the current
will flow easily through the first junction, and
if the second PN junction has a reverse bias no
current will low. Under certain conditions of
‘doping’ (adding impurities), the holes emitted
into the forward-biased P section cross through
the base, and are collected by the second P
section, having broken through the reverse
biased PN junction. A small increase in the
emitter-base current will cause a large increase
in the base-collector current, and amplhification
of power is obtained. This device 1s the tran-
sistor, the word being coined from transter
reszstor, as the effect of altering the resistance

P N P
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ror P N P (three layer) device

of the first PN junction (by controlling the
amount of current through it) is to alter the
resistance of the second PN junction by a
greater amount. (NB the foregoing brief
description of the working of semiconductors,
while suthicient for the present purpose, is not
entirely correct. If a more accurate and detailed
knowledge is required, see bibliography).
I'ransistors can be PNP or NPN, the latter
being more difficult to manufacture and
therefore less common. Silicon NPN tran-
sistors are now replacing the (germanium)
PNP transistors. Silicon semiconductors will
withstand higher working voltages and cur-
rents than germanium, but are more expensive
to produce.

+

(a) before rectification

(b) after vrectification. (Tinted areas show non-
conductive periods)

192  Graph of an alternating current,

(d) Thyristor

The thyristor (thyraton transistor) 18 a silicon
rectifier, 1e, 1t will pass a current in the forward
direction and block the reverse current.
Diagram r¢g2isagraphofanalternating current,
(a) before and (b) after a rectifying device. The
thyristor is composed of tour layers of alternate
P and N type silicon, and 1n its normal state will
block a current from either direction. A third
electrode, known as a gate, 1s connected to one
of the inner lavers, and 1f a small pulse 1s applied
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to the gate for a few micro-seconds the thyristor
‘breaks down’, and becomes fully conducting
in the forward direction. Removal of the gate
pulse will now have no effect, the thyristor will
continue to conduct until 1t becomes reverse-
biased or the forward voltage drops below a
certain minimum level. If the gate pulse 1s
applied at the commencement of a positive half
cycle the thyristor will conduct for the duration
of the half cycle (r93), and resume 1ts non-
conducting state during the negative half
cycle. If the commencement of the pulse 1s
delayed until half way through the half cycle
(1g4a), or until near the end of it (rg94b),
conduction occurs for a shorter time per halt
cycle, and less power 1s applied to the load. In
this way the thyristor 1s used for dimming
lamps or for speed control of electric drills, etc.

4

193 Graph of forward current through a thyristor
with the triggering pulse applied to the gate at the
commencement of the positive half eycle

+

194 a Pulse applied half way through the half cvele
+

104 b Pulse applied at the end of the half cycle
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(e) Passive components

(1) Resistor

A resistorisa component which offers resistance
to the passage of an electric current. It may be
a high-resistance wire, carbon, tin oxide, etc,
and may be of a fixed value, an adjustable value
which 1s set on testing (pre-set), or a variable
value which may be altered to suit changing
conditions (volume control, frequency control,
etc). There are two main uses of resistors. One
is to control current or voltage, and the other 1s
to develop a voltage or current. If two (or more)
resistors are connected 1n series across a source
of voltage, the voltage will be divided 1n pro-
portion to the resistances (see chapter 11,
section (b)). A resistor in series with the load
will Iimit the current in the circuit, the value
of the resistor being calculated from the applied
voltage and the current required. When a
current of a fixed value 1s Howing 1n a circuit it
will develop a voltage drop across a series
resistor in the circuit.

(11) Capacitor

A capacitor in its simplest form consists of two
metal plates a short distance apart. When a
voltage 1s applied to the two plates a current
Hows immediately, a positive charge (lack of
electrons) builds up on one side of the capacitor,
and a negative charge (excess electrons) on the
other, with an electric field between the plates
(195a). Once the voltage across the plates of
the capacitor equals the battery voltage the
current ceases to flow. When the switch is
opened the charge remains on the capacitor
and the electric field is still present. On closing
the switch in the alternative position (1¢95b),
the excess electrons flow round the circuit to
the positively charged plate, and the field
collapses. A capacitor stores electrical energy
in a similar way to that in which a spring stores
mechanical energy. As long as the voltage is
maintained the capacitor remains charged. As
soon as the voltage i1s removed and a discharge
path completed the energy in the capacitor
returns to the circuit.
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195 a Capacitor in circuit, charging
195 b Capacitor in circuit, discharging

(111) Inductor (coil)

When a current flows through a wire it creates
a magnetic field round the wire. If a second
wire 18 laid alongside the first a current will be
induced 1in 1t if the loop path is completed. This
induced current in turn produces a voltage 1n
the first wire, but in the opposite sense, the
induced voltage opposing the original voltage
(196 ). If the first conductor 1s wound into a
coil each turn of the coil acts as if it were the
second loop 1n diagram rg6, and will oppose
the voltage in the previous turn as long as the
voltage 1s increAsing or decreasing in magni-
tude. A direct (steady) current will low un-
opposed.

+

ro6  Inductance

(1v) Crircuit with capacitance and
mductance

When a direct current i1s passed through a
circuit with a capacitor, the current flows until
the charge builds up on the capacitor and then
ceases. The capacitor therefore blocks a direct
current. An alternating current with low
frequency will alternately charge, discharge
and recharge the capacitor in the reverse
direction, with a pause in the fully charged
position. As the frequency increases the pause
diminishes, until the capacitor does not quite
have time to charge fully on each cycle, and at
this stage the capacitor creates the effect of
passing the alternating current unhindered.
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197  Action of a capacitor compared with a diaphragm

The effect 1s similar to that of a flexible dia-
phragm in a water pipe (197 ). When pressure
1s from the left the diaphragm bends to the right,
and increases the pressure on the far side
(1g7a). When the pressure 1s reversed the
diaphragm bends to the left and reduces the
pressure on the far side (197 b). Although no
water actually ows past the diaphragm high
and low pressure pulses are transferred to the
side further from the source of the pulses. In a
similar way the effect of an alternating current
1s transferred to the far side of a capacitor
without actually flowing through 1it, the
magnetic field between the plates of the
capacitor taking the place of the diaphragm in
the water pipe.

The opposite occurs when a current flows
through an inductor. A direct current (zero
frequency) will flow unhindered, but an
alternating current will develop the opposing
voltage, and as the frequency increases the
impedance of the inductor to the flow of
current increases,

'The properties of capacitors and inductors are
used in two ways, to block an a.c. or a d.c.
component in a current which 1s a mixture of
both, and to select or reject a current of a
particular frequency. Diagram r¢& is a tran-
sistor amplifier. The base of the transistor is
fed with the a.c. signal through the capacitor
C1, which couples this stage to the previous
stage, and 1solates the d.c. bias for this transistor
from the previous one. T'he capacitor C2 1s a
decoupling capacitor, by-passing the a.c.
signal round the stabilizing resistor R3.
Resistors R1 and R2 form a voltage divider to
provide the correct working bias for the
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transistor. T'he transformer provides the load
across which the output voltage i1s developed,
and at the same time1solatesanyd.c. component.

— VE
|
o ¢ ouT
o
~ R2 ST
o L—— OV

rg8  Transistor amplifving stage

Capacitance and inductance can be combined
to pass or to stop signals of a given frequency.
If an inductor and a capacitor are connected 1n
series (1gga), the inductor will pass the low
frequencies and block the high frequencies,
and the capacitor will do the opposite. 19gb
shows the impedance of a capacitor C and an
inductor L. as the frequency rises from zero
frequency (d.c.) to a high frequency of a.c.
The two different kinds of impedance arise for
completely different reasons, and the capacitive
impedance 1s considered negative for currents
of low frequency, rising non-linearly towards
zero as the frequency increases. 'The inductive
impedance 1s considered as positive, rising
hinearly from zero with the increase of fre-
quency. At low frequencies the capacitor im-
pedes the current, which would otherwise be
passed by the inductor, and at high trequencies
the capacitor would pass the current now
impeded by the inductor. As the frequency
increases from zero the impedance of the
capacitor reduces and the current starts to
How, while the impedance of the inductor
begins to rise, but not suthciently at first to cut
off the current. T'he critical point at which the
capacitive and inductive impedances are equal
(and opposite) 1s called the resonant frequency
of the circuit, and at this point (x) the current
flows unhindered. At frequencies above this
the inductor replaces the capacitor as the
component which 1s limiting the flow of
current. In a parallel circuit, (19gc), at zero
frequency (d.c.) the inductor will pass almost
the full current, and as the frequency rises the
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inductor begins to impede the current, while
the capacitor begins to conduct. At the resonant
frequency the current flows backwards and
forwards within the circuit loop and 1s almost
completely impeded, in contrast to the series
circuit in which, at resonance, the current 1s
almost completely passed. Above resonant
frequency the circuit begins to conduct again
through the capacitor. The resonant trequency
is fixed by the relative values of the capacitor
and inductor.

NN Y o

o it

rog a Capacitor and inductor—series resonance

199 b Capacitor and inductor—graph of change of
impendance with change of frequency

=1 o

r9g ¢ Capacitor and inductor— parallel resonance

A practical application of this principle is the
construction of filter networks to divide a
complex signal into its component signals and
use each component separately. A recorded
sound track or a live amplifier output can be
used to drive three thyristors controlling three

sets of lights in response to sounds of bass,
middle and treble frequencies. With more

critical circuits a larger number of thyristors
could of course be used. 200 shows the two
basic forms of high pass and low pass filters,



(tee T'and p1 [1). The capacitors allow the high
frequencies to pass straight through the
network in (a), and the inductorsshunt the low
frequencies to ground. In (b) the inductors
pass the low frequencies straight through, and
the capacitors shunt the high frequencies to
ground. 200 a, b shows the basic stop or trap
filters. (a) 1s the series-tuned trap which shunts
the signals of the resonant frequency to earth,
and (b) 1s the parallel-tuned trap which offers
a high impedance to signals of the resonant
frequency and passes the others.

o—it —- o il >

O— = G =

200 a T and 11 (Tee and Pi) high pass filters
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200 b T and 11 (Tee and Pi) low pass filters
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201 a Series tuned trap b Parallel tuned trap

(v) Photocells

There are three main categories of light-
sensitive devices, those in which the incident
light affects a semiconductor pn junction
(photodiode and phototransistor), those 1n
which the light falling on the cells produces a
voltage, the light energy being converted into
heat (eg, selenium cell), and the photocon-
ductive cells in which the resistance to the
passage of an electric current falls in value when
the cell 1s 1lluminated (eg, cadmium sulphide
or CdS cells). The latter are also called light
dependant resistors (l.d.r.), and a circuit for a
relay controlled by l.d.r. 1s given 1n chapter 10.
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10 Basic circuits

Circuit design is a technical subject and con- e b c
siderable knowledge and experience are neces-
sary to design completely new circuits. This
chapter is intended to do no more than explain 7

the functions of the elements and components - o
in the various circuits, and give typical values
- * ] ) : 3 ! I ;. ]-'l X 2
of Ith{_ components. 8 rthtvfunumns of t € a Block diagram b Symbol
various parts of the circuits are known 1t 202 Transistor in common base configuration

becomes possible to experiment by adding
further stages or units, or modifving circuits

to fulfil a variety of different purposes.
C O
- L L] s’
(a) Basic transistor amplifier b - I/
circuits Il
i [ e
A transistor is a three terminal device (emitter, o °

base, collector), and as there are two input and

two output leads, one of the three terminals u U
must be common to the input and output. In
the previous chapter the base was the common
terminal, and the emitter-base current con-
trolled the base-collector current (202 a, b).
A more usual way of connecting a transistor
1s to make the emitter common to both input
and output (common emitter configuration),
and make the emitter-base current control the
emitter-collector current (203 a, b). The
circuit diagram of 203 18 given in diagram = pue
204, with the appropriate batteries for a pnp
transistor. 1'o save the complication of having
two batteries a voltage divider network 1s used
to supply the lower voltage required for the
emitter-base circuit from the same battery
which provides the higher voltage for the
emitter-collector circuit (205). The values of
R1 and Rz are calculated to drop the majority
of the voltage across Ri1, and leave only the RI

required working voltage across Rz2. The

major disadvantage with this circuit is that as w |
the temperature of the transistor rises it R :
conducts more freely, which gives rise to a -
victous circle of steadily rising temperature
with 1ncreasing current until the transistor l
ﬁtstr{.}}'&% itself (thermal runaway). Resistor R3 205 Similar circuit to 203, with a voltage divider
in the emitter lead in diagram 206 largely network rveplacing the base bias battery

a Block diagram b Symbol
203 Transistor in common emitter configuration

2
204 Cirauat diagram of 203 with batteries

L]
e
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R1

R2

206  Stabilisation with a resistor in the emitter lead

prevents this happening, as an increase in
current through R3 causes a greater voltage
drop across 1t, and so reduces the base-emitter
voltage. This 1in turn reduces the current
Howing and allows the voltage to recover its
normal level.

An alternative method of stabilisation i1s shown
in diagram 2o07. Resistor R1 supplies the bias
for the base of the transistor, and any increase
in the collector current lowers the voltage
across the load resistor R2. This causes the
voltage at the base of the transistor to decrease
and allows the collector current to recover its
original value.

R2

RI

o
T

|

|

|
-

i 4

207 Stabilisation with feedback from collector lead

A complete amplifier stage 1s coupled to the
previous and following stages by components
which will allow the a.c. signal being amplified
to pass between the stages, but will isolate each
stage as far as the direct (bias) currents are
concerned. In diagram 208 capacitors Cr1 and
C3 are isolating capacitors, and Cz i1s a de-
coupling capacitor which by-passes the a.c.
signal to earth to prevent the stabilising effect
of resistor R3 affecting the signal strength, and
hence the total gain of the stage. R1 and R2
form the voltage divider for the base bias of the
transistor, and R4 1s the load resistor across
which the output 1s developed.

Ve

R R4
"ca
Cl i)
SR N .
IN R3 ==Cc2 |ouT
R2
V V
o - - o QV

208 Complete amplifying stage

(b) Transistor switching circuits

'I’he other main use of a transistor 1s as an
electronic switch (209). When there is no
current flowing 1n the base-emitter circuit,
there 1s none flowing 1n the collector-emitter
circuit, and the transistor is off, ie, the switch is
open (2o09a). (209b) 1s the relay equivalent.
When the switch in the base lead 1s closed the
transistor 1s on 2roa, and the current flows in
the main circuit, as in the relay circuit 270b.
‘I'he input may often be from a previous circuit
sensitive to light or sound, or from a pulse
circuit or a logic circuit. The output, amplified
or unamplified, may operate a relay, a reed
switch or a thyristor to control mains-voltage
circuits with loads of up to two or more kilo-
watts, or may switch low-voltage loads directly
using power transistors for smaller powered
displays. The output may also be fed into
further circuits to provide sequential switching
of a series of lamps or displays.

seh
209 a Transistor as a switch, off I

I - i
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209 b Relay as a switch, off

-]
e
|
L=}
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210 a Transistor as a switch. on

i
e
[

-

210 b Relay as a switch, on
(c) Transistor pulse circuits

T'he basis of any electrical sequential switching
system 1s the pulse generator, the output from
which can be used to drive a ring counter or a
multi-stage binary counter. T'he output from
a ring counter is a simple sequence, only one
output being live at any time. The binary
counter can be used to drive a logic system
which will switch combinations of lights on
and oft, not necessarily one at a time. T"he final
output from the whole combination will be the
switching circuits to supply the loads.

One type of pulse circuit has three forms,
astable or multivibrator, monostable or flip-
Hop, and bistable or memory unit. The astable
unit will oscillate continuously at a speed
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determined by the values of some of the com-
ponents, the monostable form will stay 1n one
state until it 1s triggered into the other state by
an external pulse, and will recover 1ts first state
after a predetermined interval. The bistable
unit will stay in one state indefinitely until
switched by an external pulse, and will then
stay in the second state until a further pulse
causes it to revert to the first state.

The three circuits are very similar, the main
difference lies in the cross-coupling between
the transistors. The circuit in diagram 2771 18
astable, in 272 1s monostable, and 2713 1s bi-
stable. Capacitive cross-coupling gives astable

RI R4 R3 R2

oV
211 Astable oscillator
il
il
ov
212  Monostable
peil
oV

213 Bistable






Plate 4

r  Effect of coloured light on pigment ; interlaced strips

(a) white (d) blue

(b) red (e) yellow

(c) green

1 he effects of the red and green light are not truly represented _ : : : |
here owing to the difficulty of matching the colowr filters and 2 Polarised hight projected through circles of acrylic

pigments, and the colour sensitivity of the film. The visual sheet on which have been mounted strips of cellophane
effect 1s as described on page 71 (see page 86 )



operation, resistive cross-coupling bistable
operation, and one capacitor and one resistor
coupling the monostable operation.

The units are two-stage amplifiers with
regenerative feedback from the collector of the
second transistor to the base of the first tran-
sistor, and if the circuit diagrams are redrawn
in this form the working 1s more obvious

(214 a, b).

R3 RI R4 R2

214 a Circuit in diagram 211 redrawn as a two stage
amplifier with regenerative feedback

b IN AIN2

ou, |

TR TR 2

214 b Cireutt in diagram 213 rvedrawn as a two stage
amplifier with regenerative feedback

[n diagram 214b the two transistors in the
bistable circuit operate as NOR logic units (see
next paragraph), with feedback. A negative-
going pulse at the base of the first transitor will
cause it to conduct, and the voltage at its output
to earth (hitherto at the potential of the negative
supply) will now rise to almost earth potential.
As the output from T'r 1 1s the input to 'I'r 2, the
second transistor will not conduct, behaving
as an open switch. The voltage at its output will
be negative (connected to the negative supply

JOuT »

line via the resitor, and with no path to earth
through the transistor), and this negative
voltage 1s applied to the base of T'r 1, already
negative, thus holding it conducting even when
the mput pulse which initiated the sequence
has been discontinued. The whole circuit will
now stay in this state indefinitely, until a
negative pulse is applied to the base of T'r 2,
switching it into the conductive state. The out-
put voltage now rises to almost o volts (earth
potential), driving the base of I'r 1 positive,
and cutting 1t off. 'T’"he output voltage at its
collector now falls to the full negative poten-
tial, and this 1s applied to the base of Tr 2,
holding 1t on, and via 1ts output holding Tr 1
oft.

The units are called NOR logic units because
1t 1s essential that neither trigger nor feedback
inputs are live for a unit to have a live output.
Earth potential, zero volts, 1s taken here as ‘o’,
no output, and for the PNP transistor shown
in the circuit diagrams a negative potential 1s
regarded as ‘1’. Therefore, it neither trigger
nor feedback 1s logical ‘1’ (1e, both are at o volts,
logical ‘0’), then the transistor will have an
output of the full negative potential (logical
‘1’). Conversely, if either of the inputs 1s live,
logical ‘1’, the output, will be dead, logical ‘o’.
In the bistable circuit this logical ‘o’ 1s fed into
the second unit, which will then have a live
output to feedback to the other input of the first
unit. Outputs to operate further units or
switching devices can be taken from either
collector.

I'he astable circuit in 27 4a operates 1n a similar
manner to the bistable circuit, but the switching
pulse 1s conveyed from the collector of one
transistor to the base of the other via a capacitor.
As soon as the second transistor has switched
off, the capacitor charges from the negative
supply line through the resistor located be-
tween 1t and the transistor, and when the
voltage has become sufhciently negative the
second transistor switches on again. The
resulting rise in collector voltage 1s fed back to
the base of the first transistor, cutting it off,
and the second capacitor now charges through
the other resistor. 'T'he time it takes to charge
depends on i1ts own value and the value of the
resistor through which 1t charges. Once the
circutt 18 switched on 1t alternates between the
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two states continuously, and 1s self-starting
because of the random electronic movements
within the circuit at the instant of switching on.
The monostable (Hip-Hop) circuit has one
cross-coupling of each type, one resistive and
one capacitive, with an external trigger to the
stable side.

The cross-coupling resistors are frequently
shunted by small capacitors (speed-up capaci-
tors) to improve switching times for circuits
working at high speeds, but they are not
necessary for slow-speed switching.

(d) Transistor counting circuits

A counting circuit changes its state in regular
sequence In response to a continuous series of
pulses. 'T'he simplest form 1s a bistable circuit
with the two inputs joined to a common pulse
line via two steering diodes. ''he diodes are
automatically forward or reverse biased by the
connections to the transistors, so that the
incoming pulse is routed to the ‘on’ transistor
to switch 1t off, or to the ‘off’ transistor to
switch it on, depending on the polarity of the
pulse and other factors. Diagram 215 shows
one such circuit. Alternatively, the diodes can
be reverse biased from the collectors of the
transistors via the resistors (216).

449 E: ml
U

215 Binary counter with diode trigger

A ring counter is constructed of a series of units,
only one of which can be conducting at any
given time, and when a pulse 1s applied to the
inputs, the unit switching off causes the next
unit to switch on, the last unit switching on the
first. The simplest ring counter is merely a
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Opposite
216 Binary counter with diode trigger. Redrawn by

permission of Mullard Limited from thewr Reference
Manual of Transistor Circuits

Bistable circuit

Resistors Ri 1k Q

Rz 4.7k Q
R3 6.8k
R4 6.8k Q
Rs 4.7k Q
R6 1k Q
R7 10k Q
R8 10k Q
Capacttors Ci 470 P[_‘} speed-up capacitors
2 470 plk
3 } see below
4
Semi conductors D1 and 2 OA 81
Typical
TRr and 2 t(ps) C3 and C4 (pF) trigger prf
OC 71 1o 4700 20 (kHz=)
OC zoo 2 1000 80
OC 4r I 470 200

L in s — trigger pulse width
prf = pulse repetition frequency

series of NOR units, the bistable unit of 2145
extended to three or more transistors, with the
output from each fed back to all the others to
hold them off, and a more efficient routing
network for switching on.

A more efthcient ring counter uses thyristors.
A simple thyristor d.c. switch (2r7) has two
thyristors in parallel, with the anodes joined by
a capacitor. When S.C.R. 1 1s fired the capacitor
charges through the resistor. As the anode
potential ot the thyristor 1s almost zero when
conducting, when S.C.R. 2 1s fired the capacitor
discharges through S.C.R. 2 in a forward
direction, and through S.C.R. 1 in the reverse
direction, cutting 1t off. 'T'his circuit can easily
be extended to cover any number of units to
form a ring counter (218a). Each unit is
similar to the left hand half of the d.c. switch in
diagram 217, with the next load acting as the
resistor through which the capacitor charges.
The triggering network (278b) has a resistor
R 1 through which the anode voltage (approx.
zero volts) 1s applied to the cathode of the diode
controlling the next stage, giving it a forward
bias. 'I'he non-conducting thyristors will have
an anode potential of approximately the
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218 a Thyristor ring counter

positive supply, and will reverse bias their
tollowing diodes. When a positive trigger pulse
1s applied to the signal line only the forward
biased diode will conduct and fire its associated
thyristor through the isolating capacitor C 2.
The capacitor between the conducting and
subsequent stage now discharges, and turns oft
the conducting thyristor, the last stage being
fed back to the first. A positive pulse has to be
applied to the gate of the first thyristor of the
ring to commence the sequence, and as each
switching capacitor i1s held charged by the
positive line, the interval between the firing of
different stages is, for all practical purposes,
limitless. The resistor across the gate of each
thyristor prevents accidental firing by switching
surges.

218 b Thyristor ring counter, trigger circuil

(e) Typical circuits

Diagrams 219 a, b are of light sensitive switches.
In (a) the light dependant resistor (l.d.r.)
forms part of the voltage divider supplying the
bias for the base of the transistor. When the
illumination 1s at a high level, the resistance of
the 1.d.r. 1s low, and the base is biased positively,
most of the voltage being dropped across the
resistor forming the other half of the voltage
divider network. When the level of illumination
falls the resistance of the l.d.r. increases and
the potential at the base of the transistor
becomes sufficiently negative for it to conduct.
This in turn causes the second transistor to
conduct and the collector current Hows through
the relay and pulls it in. When the level of
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2iga (1) and (1) Simple light sensitive switch
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tllumination rises again the transistors cut oft
and the relay drops out. T'he surge of current
due to the collapse of the magnetic field in the
coil of the relay may cause damage to the second
transistor, so the ‘catching’ diode 1s shunted
across the relay to by-pass the surge round the
relay. Diagram (b) shows a circuit in which the

_ =9 /i12V
W LG
- S
OC72
SKO
)| oV

219 b Light sensitive switch with control of operating
level
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operating level can be altered by adding a
variable resistor in the voltage divider.

A simple thyristor low voltage dimming unit
and a mains voltage unit are given in diagrams
220 a, b. The low voltage unit can have any
number of channels up to the capacity of the
20 V load transformer winding. 'I'he 15-0-15
volt transformer winding is only for the control
circuit and does not carry an appreciable load.
The small unit with the fixed resistor and diode
is for preloading the circuit so that the first
circuit switched on is not affected by the second
and subsequent circuits switched on.

Cl

RV I

220 a  Thyristor low-voltage dimming unii

Resistors Rr 240Q R2 1008 (pre loading )

RVrI 35kQ wire wound
Capacitors Cr - zulF’ (paper)
Semiconductors

Diodes OAS
Thyristors any 100l piv 16 A4

Transformers
load circuit 20 volt, amperage to take full load
control 15—0—15 voll

T'he mains-voltage unit in diagram 220b
operates by shunting the output (d.c.) terminals
of the bridge rectifier with the thyristor when
1t 1s triggered.

2zo b Thyristor 240 V' A C dimming unit. Redrawn
by permission of Messrs S T C Semiconductors
Limited, from their Application Note MF 146x



MRI

RI RS

R3

R
R4

R2

TRI

TR2

Lamp Dimming civcuit
Resistors Rr 68kQ)
2 3309

2
W

e )
169,

L
5Em

4.7RQ W 59,
43RQ W 5%
1 MQ carboni and on|off switch
0.035UF 350V wke
Cz o.022uF 50l wkg
Semiconductors TRr 25302 or OC200
2 BSY 95
MRr RAS310AF-1Br ( Bridge
rectifier unit)
CRS3/40AF on 50 x 50 X
I.Omm
(2% 2% 18 in.) heatsink

RV 1
Capacitors Cr

CR1

Inductor

Choke Lr 1.5 mH 3A (In conjunction with
capacitor Cr forms a low-pass filter
to prevent high-frequency transients
generated by the circuit being trans-
mitted back to the mains supply and
causing radio interference to long and

medium wave reception )

A d.c. thyristor pulse unit can be made by
combining the thyristor switch (2r7) and an
astable multivibrator (277) into one circuit
(221 ). The loads 1 and 2 can both be lamps, or
one lamp and one resistor.

A mains voltage flasher unit (222) combines
the thyristor and bridge from diagram 2200,
and the multi-vibrator from diagram 2rr with
a zener diode to stabilise the input into the
multivibrator and with voltage dropping
resistors to reduce the input voltage. (See
chapter 12 for low voltage supplies and stabili-
sation).

£
Nt

RI

2 [

S&FRI

l HICE

TR 2

CRE;zl

R®

R6

R7

221
misston of Messrs
their Application
DC' Thyristor Be
Resistors R'f}

]

3
4
5]
()
/
B
RV 1
Capacitors C1

4
Semi conductors
TR

CR1

3

Thyristor D C flasher unit. Redrawn by per-

S T C Semiconductors Limited from

Note MF 218x
acon Flasher

o

82082 W

22k() W )

150  JW 5%

240%) sW

5.7kQ) W)

5RQ LW

r6pl 50l wky reversible | electro-
sopl 251 wkg polarity | Iytic

BSYg5A

(.."’R‘S',}frﬂjl AF on 76 X 76 X 1.6 mm
(3% 3 % 16 in.) aluminium heat sink
CRSrlos AF

i

Lamp load ;rm H
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MR3 RI R2 '
R3 R7 R8 f]ﬂd HJFWI
A 7
240V i —3 i "‘”]2 CH!T |
50 "~ N

CR |
o it Z& g Mine TRI TR2

= |

R5 R6 R9
1§ '3 1 9
222 Thyristor 240 V' A C. Redrawn by permission of
Messrs S T C Semiconductors Limited, from their
Application Note MF 145x < sl
Resistors Rr 1.5RQ  roW
2 RI R2 R3 R4 RS
3 rk€) W
4} " 50 | +6
al, 50l Lhe Cl c2 DI O
6
7 22k} LW
flif -
G 5k€) W TRI TR2
RV 1 5kE) W
Capacitors Cr so0uF 100V wkeg
s o+6 V

e

3} soul 251 whkg electrolytic
Semiconductors

CRi CRS1/40AF

MRi RAS3r0AF—1 Br Bridge

MR-2 Z3BzooBF rectifier
MR3 RS240AF

TR BSYqg5

TRz }

Diagram 223 shows a 1 Hz square wave oscil-
lator which can be used as a trigger or a pulse
circuit.

Diagrams 224 and 225 both show frequency-
conscious circuits. The input in each case 1s
from a tape recorder, record player, or any
other low impedance (extension speaker) out-
put from an amplifier, and both circuits con-
trol three separate groups of lamps.

In the circuit of diagram 224 the filter circuits
are the inductors (coils) L. 1, 2, 3 and their
associated capacitors, and the power transistors
11,2, 3drive the lamps directly. In the circuit
of diagram 225 the filter circuits are the resistors
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223 One Hz square wave oscillator. Redrawn by
permission of Mullard Limited from thewr “Dicta
leaflet

Ri 4.7k€)

47kE

47k

2.7k

4.7k

zoul Electrolytic 121V wkg

zopkl

Semi conductors

TR I} BC Y72

~ o s W W

£’

by

2

Di BAXr13

R 7, 8, g and capacitors C 5, 6, 7, 8. The output
from these is fed into the resistor-capacitor
networks which control the thyristors SCR
X, 2,3 Viatransistors ‘It 1, 2, 3.

Low frequency signals, eg, bass notes or a
tone below 100 Hz from an audio frequency
tone generator will cause one set of lamps to
come on, and in the second circuit the volume
of the tone will control the level of intensity.
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224 Frequency operated circuit. Redrawn by per-
mission of the Editor of Practical Electronics

Resistors Ri

)

Capacitors Cr

Inductors L1

2
J

e 4 W

20000 F

10Q nominal (matching resistor)

ro€d W

L0
IO /o

1oopF
s0ul
rzpF

12l working

Mullard LA 11 or Vinkor LA 2002
pot core full winding tapped every 50
to 60 turns 30 swg or primary of valve
output transformer, capacitatively
tuned.

Semi conductors

TRI}
b

DI—;;
Lamps 61

Frequencies

OC 35 (6boo mA)

any 50V piv 34 diodes
0.06 A up to eighteen in series/parallel
on each circuit

lozw so—r1o00Hz
middle 200 Hz—1kHz
high —skHz

The other two sets of lamps are controlled by
tones of approximately 1 to 5 zZHz (treble), and
100 Hz to 1 kHz respectively.

For fuller details of the methods of construction
and operation refer to Practical Electronics
August 1968 and August 1969 respectively,

119



. . 2 —ip - +
st
R —C R2 —Tot R3 =C3
ﬂ R4 I ] RS [ R6
IE TI DI D2 D3
: scr1 Ave—3—4 scr 2 Av<— scr3 Jr=—i<—
. 4
TR | TR2 ®—< TR3 @‘*
N 4
D4 |
240V L " 4 -+
~
E — ( E) LP LP LP
TTrTT
D5
= §f
C4
T3 I;
R7
RV4 RV e
TR 4 o
&
TTrT
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11 Electricity

Electricity 1s simply explained as the flow of
electrons from atom to atom along the length
of a wire. An atom 1s similar to the solar system,
with a central nucleus surrounded by electrons
in orbit, and when a potential difference 1s
applied to a conductor the outermost electrons
from the atoms at the beginning leave their
orbits and pass on to the next atom, which then
has too many electrons. 'T'his atom in turn
releases the excess electrons to the next, and
so on, thus creating a current (226 ). Though
the speed of electron drift is comparatively
slow, the effect passed down the line from atom

to atom travels with the speed of light, 300,000
km /sec.

. (0) =G o @)
| @@ A%

226 Electron flow in a conductor

This electron How behaves in many ways as
the flow of water through pipes, and if an
electrical circuit is thought of in terms of water
it 18 much more easily understood.

(a) Units of measurement

The two measurements that can be made with
regard to water are: (a) the pressure 1n a pipe,
and (b) the quantity flowing through the pipe,
measured in kilogrammes per square centi-
metre (pounds per square inch,) and litres
(gallons) per minute respectively. The same
two measurements applied to electricity are
the electrical pressure or potential difference
(E), measured in volts (I7), and the quantity
flowing or current ([), measured in amperes
or amps (A). Just as pressure can exist in a
pipe without any flow of water when a tap 1s
turned off, so a potential difference or voltage
can exist in a conductor without any current
flowing when the switch 1s off (open). As soon

as the tap 1s turned on, the pressure will force
the water to flow through the tap, and when the
switch 1s closed the voltage will force a current
to low through the circuit.
The amount of work (in the engineering sense)
that can be done by water is determined by the
pressure and the quantity. One kilogramme
(pound) (weight) of water falling from a height
of ten metres (feet) will do as much work as ten
kilogrammes (pounds) falling one metre (foot,)
1e, ten kilogramme metres (foot pounds).
(Pressure x quantity =work,
10X T or I XI10=10).
The same kind of calculation obtains for
electricity; the pressure (FE) in volts x the
amount of current (1) in amps equals work
done 1n watts (W) or power (P). Therefore a
current of 1 amp at 1o volts will produce the
same wattage as a current of 10 amps at 1 volt.
E (volts) x 1 (amps) =P (watts).
A car brake light bulb will draw a current of
2 amps at 12 volts to give 24 watts, but a 24 watt
mains voltage bulb (240 volts) will consume
only o.1 of an amp.
12 2=—24, 240 7 0.T=24,
'T'he easiest way to work out any of the three
quantities, given the other two, 1s to put down
the formula as a fraction (227a), and cover up
the required unit (227 b, ¢, d).

VXA

W 44
Vv A VXA

227 a Diagram of the formula relating watts, volts
and amps

227 b Formula for amps derived from (a)

227 ¢ Formula for volts derived from (a)

227d Formula for watts derived from (a)
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A clean smooth pipe will allow the water to
flow unhindered, but an old corroded pipe will
resist the flow, slow the water down and reduce
its pressure at the outlet. An electrical current
will flow freely along a good conductor, but
certain materials have the electrons more
tightly bound into the atoms, and the current
can flow only with difhcultyv. 'T'he current that
flows through a resistance will always generate
some heat, and the temperature of the resistance
wire will rise. An electric fire and a tungsten
fiament light bulb are simply resistances
calculated to rise either to red heat and give out
mainly heat, or to white heat and give out
mainly light. T'he voltage (pressure) drives the
current (quantity) through the resistance, and
the greater the resistance the smaller the
current. T'he voltage (F£) therefore 1s the
product of the current (1) < the resistance
(R).

E (volts) — 1 (amps) < R (ohms) (2.

("I'he symbol for the unit of resistance 1s the
Greek omega £2). T'his again can be written as
a fraction (228a), and any unit found 1n terms
of the other two by covering up the required
unit (228 b, ¢, d).

\%
AXO

V V
A O A XO

228 a  Diagram of the formula relating volts, amps
and ohms

228 b Formula for ohms derived from (a)

228 ¢ Formula for amps derived from (a)

228 a Formula for volts derived from (a)

The 12 volt car brake light will have a resistance

JEZ _ .
of —, which equals 6 ohms, the 240 volt mains
2

240

bulb will have a resistance of — equals 2,400
0.1

ohms.

T'he two formulae are often combined to
eliminate the voltage and save one set of
calculations.
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E=1 xR, P=EXIL,
therefore P=(1r X R} X I
— fz w R
The calculations for the two bulbs would
appear as follows:
watts —amps < ohms
12 volt bulb 24 =(2)* X6
=146
240 volt bulb 24 =(0.1)? % 2,400
=601 X2.400

(b) Circuits
(See Appendix for list of symbols)

T'he simplest possible electrical circuit con-
sists of a source (battery or generator), a load
(heat, ight or power), and two wires, one from
the generator to the load, and a return wire
from the load to the generator (22¢9). The
direction of current How was established long
before atomic physics had determined the
nature of an electric current, and conventional
current 1s assumed to flow from the positive
to the negative, though in fact the electrons
How towards the positive from the negative. A
practical circuit would have, in addition, a
switch (always 1in the positive lead, and as near
to the source as practicable), and often a fuse
hink as well (230).

{=>—

229  Simple circuit

230  Simple circuit with switch and fuse

If the load consists of one lamp, the circuit is
straightforward, all the current from the
source goes through the lamp and returns to



the source. If there are two lamps they may be
connected one after the other so that the
electrons flow through both lamps in turn, a
series circult (23ra), or side by side so that
the electron How divides into two, and goes
half through each of the two parallel paths, a
parallel circuit (23rb6). The calculations for
the total load (between A and B in each case) are
the same, but the current and voltage for each
lamp 1n the two circuits are completely different.

A

B

231 a Swimple series crrcurt

B

231 b Simple parallel civcurt

(1) Series circuit

In a series circuit (232 ), there 1s only one path
for the electrons to take, and the flow must be
the same 1n all parts of the circuit. If the circuit
has two resistances each one will generate heat
and consume power to do so. As the current
must be the same through each, and power 1s
current multiplied by voltage, some of the
voltage must be ‘dropped’ across each of the
resistances. If a potential difference of 12 volts

S —
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: 2Vl
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232 Voltages in a series circuil

1s applied to a circuit with two resistors of 12
ohms each 1n series, the total resistance will be
24 ohms, and the current will be 0.5 amps.

|

fg—24 %— V=0 x A
>
. : I
For each resistor V=12 x—
: 6 B

So the voltage 1s dropped equally across both
resistors, and 6 volts will appear across each.

(11) Parallel civcuit

A parallelcircuit (233 ), hasatleast two different
paths for the electron flow, and the current
from the source will be divided between the
different branches of the circuit. As there 1s a
direct path from the ends of each resistor to the
source the same voltage will be applied to each

resistor.
lEA

12V 1200 | 2L
| A | A

]

233 Amperages in a parvallel circurt

[f the 12 volts 1s applied to two 12 ohm resistors
in parallel each resistor will draw 1 amp, so the
total low of current from the source will be
2 amps, half of which will low through each
resistor.

IZ2—=02 1

I'=0 x A for each resistor,

therefore for two resistors A=2

| Vv
and total R 5

12
—+——16 ghms.
2

The full voltage 1s applied to each resistor and
the current drawn from the source 1s shared
between them.

(c) General application

A typical series circuit is the string of Christmas

tree lights. A set for mains use having 20 lamps
240

will have ——=r12-volt lamps, and if each

23



lamp requires 0.5 amps, a total loading will stil]
be 0.5 amps, as in series the same current runs
through all the lamps, and the voltage 1sdropped
in this case equally across all of them.

An example of parallel circuit 1s house wiring.
[Fach lamp, heater etc. has its own pair of wires
to the main distribution box, and has the full
240 volts applied to it. 'The total loading 1s the
sum of the individual loads.

If a circuit 1s slightlyv overloaded the cables
will begin to heat up and damage may result.
In the case of a short circuit, in which the fault
allows the current to take a shorter path than
it should, by-pass the load and go directly to
the return wire or to earth, the sudden surge
of current can burn out a cable 1n a few seconds.
A fuse (link)1sdesigned to carry the full working
load of the circuit that 1t protects, but under
either of the overload conditions will melt and
open the circuit to prevent further damage. A
circuit-breaker performs the same function.
The total load that 1s being taken from any
point can easily be calculated by adding up the
amperages of all the lamps, etc, being run from
that point, and the total must never exceed the
rating of the outlet. A fuse of a higher rating
must never be used to replace one of a lower
rating that 1s continually blowing. The only
permissible remedy 1s to reduce the load.

'T'he fuse link 1s always placed in the line or hive
lead (brown), and as near the outlet point as
possible. T'he neutral (blue) lead 1s at the same
potential as the earth (green and vellow), and
if a fuse blows the whole circuit 1s nstantly
brought to earth potential and 1s safe. 234, (a)
correct, line fused: (b) incorrect, neutral fused.
Before 1970 the line was red, neutral black,
earth green in England. T'he equivalent colour
code in the USA 1s line black, neutral white,
earth green.

E ;d\p—/n—
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234 a  Crrcuit with correct fusing
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234 b Circuit with incorrect fusing (double line
indicates part of circuit still live after fuse has blown)

For the same reason switches are always placed

in the line before the apparatus so that the

whole circuit is isolated when the switch 1s

open (off).

Switches are classified by the number of

separate circuits that are made or broken

simultaneously. T'he simplest form 1s a single
pole single throw (SP S'l"), or one-way switch
(235), the ordinary on/oftf switch. A double
pole switch has two separate circuits in the same
switch, both making and breaking together,
and a double pole single throw (D P S '1") can
switch two electrically unconnected circuits

simultaneously (236).

—/}
235 Clurcuit with single pole single throw switch

—_— i »—

A

236  Circuit with double pole single throw switch

A double throw switch or two-way connects
one wire to either of two possible circuits, and
may have a third position in the centre when
both are disconnected (centre off). Double
throw switches can be single pole (SPDT"), or
double pole (DPD'T'), (237 a, b). Two two-
way switches can be used to control one lamp
from two points, eg, hall and landing switches
controlling the stair light (238 a, 6). (a) is the
correct way of wiring as less of the cable 1s live
in any position. (b) used to be common, and is
occasionally of use in low voltage wiring.



237 a Crireuit with single pole double throw switch
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237 b Circuit with double pole double throw switch
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238 a Crircuit with two-way switch, correct method
of use
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238 b Crurcuat with two-way switch, incorrvect method
of use

An intermediate or change-over switch re-
verses the polarity of the output of wires
relative to the mmput wires when operated.
Placed between two two-way switches it
makes a third control point for the circuits
(239).

0
PEE— ] e =k
o O

239 a Circuit with intermediate or change-over switch

I:L-_l
230 b DPDT switch wired as a change-over swilch
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12 Low voltage supplies
and rectification

(a) Low voltage supplies
(1) Battery

The simplest source of a low-voltage supply 1s
the dry-cell, or unit cell, which develops
approximately 1.5 volts when new, dropping
with use and age to about 0.9 volts, at which
level it should be discarded. Anv number of
cells may be connected 1n series to give a higher
voltage (eg, 3 cells 1n series for 4.5 volts). The
chief disadvantage 1s the expense of renewal,
as dry cells are quickly exhausted under a
continuous load of any magnitude.

(11) Mains transformer

A more efficient source 1s the mains transformer
(240 ). It consists of two coils of wire placed in
close proximity to each other, and linked by a
common ‘core of iron. When a current 1s
passed through the primary winding (a) it
creates a magnetic field, which 1n turn induces
a current to low 1n the secondary winding (b).

240  Transformer —

As long as the primary current 1s rising and
falling the current in the secondary will con-
tinue to tfollow 1t. In a transformer with equal
windings the secondary (output) voltage will
be theoretically the same as the primary (input)
voltage. ("T'here will be a slight loss due to heat
being generated in both windings and the
core.) If the secondary winding has half the
number of turns in the coil as the primary
winding the output voltage will be halved, and
a secondary winding with twice the number of
turns will give twice the voltage. The actual
power transferred remains (theoretically) con-
stant, so that a reduction 1in voltage will have a
proportionate increase in amperage, and vice
versa. 'his follows from the formula P=1" < 4
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eg, 24 watts=12 Xz A
—a A
—240 X 0.1 A
A car battery charger delivering 2 A at 12 V
will draw only 0.1 A from the 240 V mains, and
as currents 1n transistorised circuits are
measured in milli-amps the cost of running a
transformer 1s negligible.
Transformers are obtainable with several
secondary windings to give different voltages
simultaneously (24ra), several tappings to
give a choice of output voltages (b), or with a
number of windings which may be connected
in series or parallel to give either a wide choice
of voltages (1 V to 8o V 1n one volt steps), or a
fairly heavy current at one of two voltages (c).
As there 1s no direct electrical connection
between the primary and secondary windings
in double wound transformers the output 1s
effectively 1solated from the mains supply. An
auto-transformer has a single tapped winding,
and provides no 1solation. For reasons of
safety its use 1s not recommended.

]

]

241 Transformers
(a) two secondary windings
(b) Tapped secondary winding



it reverses and Hows backwards, and reverses
again and flows forwards, this gives a more

% accurate impression of what actually happens.

If a simple check valve were inserted in a water

pipe in which the water was flowing in this
manner, the reverse How would be stopped,
and only the forward How would be passed by
the valve (243). In a similar way an electric
current can be controlled by a rectifier which
will pass the pulses in one direction, but block
the pulses in the reverse direction. T'here are

} several ways of doing this, but only semi-
conductor diode rectification will be considered
here. The thyristor or silicon controlled
rectifier 1s discussed 1n chapter g, section (d).

(c) (i) two secondaries, series connection T'he simplest rectifier 1s the half-wave rectifier,
(22) two secondaries, parallel connection which has a single diode in one side of the output
(b) Rectification from the transformer (244). This cuts off half
of the pulses, so that the d.c. output voltage will
An alternating current and a direct current, 1f be in the region of 0.45 of the a.c. output voltage
used for heating, are interchangeable, as the from the transtformer. The d.c. will be pul-
passage of either through a resistance causes sating, but the pulses are reduced by smoothing
heat to be generated. This includes filament circuits (section (c)), or voltage stabilisers
lamps as well as a heating element. For all (section (d)).
other purposes the two forms of electrical o
power are completely different. It 1s a fairly % m
simple matter to change one to the other, <3 — ﬁLD
‘rectifying’ a.c. to obtain a direct current, or e _ N A
‘inverting’ d.c. to a.c. A d.c. voltage is changed 243 Diagram of hydraulic valve
to a higher or lower d.c. voltage by a ‘converter’,
i . | Dl o+
which i1s the d.c. equivalent of an a.c. trans- o
former. v iy =
An a.c. current is considered to start from zero, o —

rise to a maximum in a positive direction, fall
to a maximum in a negative direction, and rise
to zero again in one single cycle (242). If the
current is imagined to flow forwards along the
conductor at a gradually reducing speed until

244 Half-wave rectification

A more efficient circuit i1s the full-wave rectifier
(245), which has two diodes, one at each end
of the secondary winding, but it needs a centre-
tapped transformer. The full a.c. output
-+ voltage appears across each end of the second-
ary winding alternately, between the end of
the winding and the centre tap. T'he pulsating
d.c. 1s at twice the frequency of the a.c. as both

O AL -—
N 0 —
o
p— 245 Full-wave rectification, centre tapped trans-
242  Graph of alternating current former
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the positive and negative pulses are applied
in turn to the output. The d.c. voltage 1s ap-
proximately 0.9 of the a.c. voltage.

The full-wave bridge circuit (246), has a
similar efhiciency, the average d.c. voltage
being taken as 0.9 of the a.c. voltage, and 1t does
not need a centre-tapped transformer. As two
diodes in series are conducting at all times the
diodes can be smaller, and of course the trans-
former secondary 1s only halft the size of that
required for the centre-tapped full wave
circuit. When the upper end of the transformer
secondary 1s positive, the current flows out
through D 1 and back through D 3. When the
lower end 1s positive it lows through D 2 and
D 4.

D4 D1
1l o+
D3 D2 —
_0_
o+
{

VN

X =

P

246 Full-wave rectification, bridge rectifier

[n all rectifiers the diodes must be able to
withstand a considerable reverse voltage,
known as the peak inverse voltage (p.i.v.), as
well as a greater forward current than the
working current. Diodes are rated by forward
current and p.1.v. If a reservoir capacitor i1s used
for smoothing the output (see section (c) ), peak
inverse rating (p.i.r.), should be at least twice
the forward voltage, and the peak current
rating may need to be as much as three times
higher than the average forward current.
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(c) Smoothing circuits

The simplest way of smoothing is to connect a
large value capacitor in parallel with the load
across the output (247). This charges on the
positive pulses, and discharges through the
load on the negative pulses. It must be large
enough to store sufficient energy to maintain
a voltage comparable to the output from the
transformer, but not too large for the diode to
be able to charge in addition to supplying the
load.

5
oady
=

247  Svoothing by capacitor

A more efficient smoothing circuit uses a choke
or coill which offers an impendance to any
change of current, followed by a capacitor
which blocks a steady current but passes a
Huctuating current (248). The choke passes
the d.c. component of the output current, but
impedes the a.c. component or ripple, and the
capacitor C short-circuits the a.c. component,
but 1s an open-circuit to the d.c. component.
T'his low frequency hlter circuit can be pre-
ceded by a capacitor, which will increase the
d.c. output, though the voltage will drop
appreciably as the load increases (249).
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248  Smoothing by choke input filter
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249 Smoothing by capacitor input filter

If the choke is replaced by a resistor there is a
greater voltage drop and power loss, but the
filter 1s much less expensive (250).
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250 Smoothing by capacitor|resistor filter



(d) Voltage stabilization

A simple transistor series stabilizer is shown in
diagram 251. The zener diode (Z) has the
property of breaking down and conducting in
reverse at a definite voltage. Below this voltage
(the zener voltage) the diode 1s non-conducting,
above this voltage the diode conducts heavily
in reverse. T'hus the point (a), for practical
purposes, can never exceed the breakdown
voltage under normal load conditions. As-
suming, for ssmplicity, that the load and R are
of equal resistance, and i1gnoring the transistor
(252); as the voltage rises the voltage at (a)
will rise, remaining midway between the total
voltage and zero in value. As long as the voltage
drop across the load i1s less than the zener
value, the zener diode will not conduct, but as
soon as this value 1s exceeded across the load
the zener diode will conduct, thus reducing
the combined resistance of the load and diode
network. 'T'his means that a larger proportion
of the voltage will be dropped across R, and the
voltage at (a) will remain at approximately the

z Y

251 Transistor series stabiliser
252 Zener diode stabilising

zener voltage. In diagram 2571 the base emitter
voltage of the transistor is held constant, so
that the collector-emitter output voltage 1s held
reasonably constant. The circuit is usually
drawn as in 253 to conform with the convention
that the input and output are at the extreme left
and right of the circuit.

This basic circuit does not provide full stabili-
zation, the output varying slightly with
variation in load and temperature. By feeding
part of the output back to the input in such a
way that an increase of output causes a decrease

in input (negative feedback), the voltage will
be kept much more stable. Protection of the
power transistor 1s obtained by the addition of
a current limiting or overload protection
circuit, which drops the voltage nearly to zero
when the current exceeds a predetermined
value. 254 shows a typical voltage stabilizer,
including a series resistor (R 1) to limit the
output current, a mimnimum load resistor R 3,
and input and output filter capacitors C 1 and
C 2 to smooth the d.c. ripple.

o ‘ p—
a
= —O

+ & v
253 Series stabiliser

DI TRI
< 1 - t
200/
EJ'GV D2 R2
12V DC
—N ol R3 ?Cﬂn 30 mA
D3
RI
S e ¢ O N

254 Voltage stabiliser. Redrawn by permission of
Radiospares from their Component Applications Data

1969

Resistors Ri1 rzofl
Rz 3.3k

R3 5.6k
Capacitors C1 1oopF
(i sopf

Semi conductors
TR OC84 or 2G 382
Di r ST 150
D2z }

}Radﬁmparﬂ'
D3 M-ZE r1zv
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Appendices

1 SI Units and abbreviations

The International System of Units (ab-
breviated to S.I., Systéme International) 1s
gradually superseding the old metric system
of which 1t 1s an extension.

There are six basic units, and all other units
are compounds of these. T'he four units which
occur most frequently are the metre, kilo-
gramme, second and ampere, and these have
been used for a number of years in scientific
work as the M.K.S. or M.K.S.A. systems. ''he
prefixes are as given below, and no others
should be used. Decimetre and centimetre in
particular are used only when expressing area
and volume, and not for length (capacity 1s
expressed in litres and millilitres).

T'he number preceding a unit should be 1n the
range 0.1 to 1,000, eg 746 mm or 0.746 m;
20 mA, not o0.02 A; 300 megametres not
300,000 km. Spaces, full stops and hyphens
are avoided, eg kV kilovolt, ms millisecond,
and ‘per 1s replaced by the solidus‘/’ In
expressions such as m/s, metres per second.
When writing numerals with more than three
digits spaces are left between groups of three
digits, and commas are not used, thus pre-
venting confusion with the decimal point.

Some of the common electrical units are as
tollows.

Electrical or magnetic quantity Quantity symbol
Current I
Voltage A%
Electromotive force emf
Potential difference E
Resistance R
Reactance X
Impedance Z
Power P
Apparent power S
Inductance 1
Capacitance C
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Unait

Ampere
Volt
Volt
Volt
Ohm
Ohm
Ohm
Watt
Voltamp
Henry

FFarad

Unit symbol

TIZsPRD<<<s



In some instances the electrical unit has a value
much too high or too low for electronic pur-
poses, and a submultiple or multiple of the
unit 1s used. This does not mean that the
electronic values are extreme; an approximate

example would be to quote weights in thou-
sandths of a ton instead of pounds, or in thou-

sands of ounces instead of hundredweights.

The table below gives the prefixes used to
denote multiples and submultiples of the
basic units, their abbreviations and values.

Prefix

tera
giga
mega
kilo
milli
micro
nano
p1co
femto
atto

Units of length, Kilometre

Abbreviation Multiplying factor
4 I 000 000 00O 000
G 1000 000 000
M I 000 00O
k I 000
m 0.001
L 0.000 001
N 0.000 000
p 0°'000 000
f 0°'000 000
a 0°'000 000
Km 1 ooom 10°
metre m Im 10°
millimetre mm 0.00ImM 100 "
micron 0.000 0OIM 4o
millimicron 0'000 000 0OIM 10
A  Angstrom unit
—10 %cm (10" 'm)

(light wavelength)

Other abbreviations are:

Hz

p.1.V.

p-1.V.
r.m.s.

Hertz

pe
pe

root-mean-sqguare

ak inverse voltage
ak inverse rating

001

000 001

000 000 00I

000 000 000 001

Frequency (replaces cycles per second)
Indicates the maximum reverse voltage that a
semiconductor device will withstand
The ‘working’ voltage or amperage of an alter-

nating current as distinct from the ‘peak to peak’

value

The British Standards Institution recommends the tollowing use of type:
Physical quantities in italic, eg I’ voltage
Symbols for units in Roman, eg V volts

Subscript abbreviations in lower case for quantities varying with time; capitals for steady or

d.c. values

No full points are used in abbreviations unless initials are used, eg a.c. (alternating current).
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2 Pulfrichs pendulum

This 1s a very convincing demonstration of the
slowing down of the rate of firing of the re-
ceptors when the eye 1s dark-adapted. A
pendulum 1.5 to 2 metres (four or hive feet)
long 1s viewed from a position at right angles
to the direction of its swing, with one eye
partially dark-adapted by covering it with a
dark filter or one lens of a pair of sun glasses.
The slower rate of firing causes the dark
adapted eve to see the pendulum 1n the position
that 1t was a fraction of a second earlier, unlike
the unadapted eye, which sees 1t virtually
instantaneously. The discrepancy between the
two perceived positions creates the effect of an
apparently greater or lesser distance between
the observer and the pendulum, caused by
binocular depth perception, and varying with
the rate and direction of the swing of the
pendulum relative to the eye of the observer,
(diagram 255). When the pendulum 1s at
position A, and swinging to the right, the dark

3 Rhombic dodecahedron

This 1s a facially-regular solid with twelve
rhombic faces whose angles correspond to the
Maraldi angles of 70" 32" and 109° 28’. The
net for 1ts construction 1s drawn out in diagram
256. 'T'abs for assembly should be left on

256 Development of the rhombic dodecahedron

adapted (left) eye sees it at A, and therefore the
pendulum is perceived apparently at A,. When
the pendulum is swinging to the left at B, 1t 1s
seen at B, by the dark-adapted eye, and 1s
perceived at B,. The pendulum therefore
appears to swing in an ellipse across the line of
vision instead of in a straight line.

255 Pulfrichs pendulum

alternate sides throughout, and all lines
should be scored lightly on the face. Rhomba
of 35 mm (14”) side will make a solid approxi-
mately 150 mm (6”) in diameter.



4 Details of construction

(a) Shutters and frames

The shutters in the photographs were all cut
from 3 mm plywood, and the frames and slides
were built up from 3 mm (}”) or § mm (="
strip glued and pinned together, thus obviating
the necessity for any other than the simplest
of woodworking techniques and tools (diagram
257). l'o prevent the wood splitting when the
pins are driven in it should be held in a cramp or
a vice, and the end of the pin blunted slightly
by a sharp tap with the hammer so that the
pin tends to punch a hole through the wood
fibres rather than force them apart and split

them.

257 Methods of jointing laminated frames

(b) Rotors

The simplest method of fixing a rotor to a
spindle 1s to use studding, (a metal rod which
has a screw thread cut along its whole length),
and lock nuts. A nut and washer are placed on
each side of the rotor and then tightened up
(in opposite directions) until the rotor 1s
locked between them. The main drawback to
using studding 1s that the thread causes it to
creep along the bearings and creates excessive
friction at one end or the other of the rod. This
disadvantage can be overcome by using plain
rod and cutting a thread on it at each end only,
with a die. This operation 1s not difficult
provided that the ends of the rod are filed
square before beginning to cut the thread, the
die 1s kept always at right angles to the axis of
the rod, and that it is never forced forward, but
1s given only about one third of a turn and then
backed slightly to clear the swarf from the die.
A small metal-working vice which clamps to
the bench top 1s quite adequate to thread up to
7.5 mm (;%”) mild steel or silver steel rod.

A simple way of attaching a rotor to a syn-
chronous clock motor 1s to put a small round
headed bolt 3.5 mmor 3mm (4 0r6 BA)through
the centre, and hold it in place with a nut and
lock-washer, and then put it into one section
of an electrical wire connector known as
‘barrier strip’, tightening the screws, which
would normally hold together the two wires
to be joined, on to the bolt in the rotor and the
spindle of the motor respectively. 15 amp
barrier strip has a hole large enough to take up
to 4.5 mm (2 BA) bolts; 5 amp and 2 amp are
smaller and neater.
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5 Electronic and electrical
symbols and resistor code

Diagram 258 shows several semiconductor r T
devices, and (259) gives the circuit symbol _{::I__ _H'—
and outline drawings with the connections or R

e 1 . ed band or end
polarities marked. The diode D 1s connected

so that the marked end (cathode) acts as the
positive terminal of the power source, and the

current leaves by the cathode. The low power spot on
transistors (A & J) and the power transistor e case C
(C) all have the same symbol. The outline
drawings give the terminals of the devices 1n ebc b NPN
the 1llustration. The thyristor or S.C.R. (K)
may be represented by two different symbols, e b
either of which can show an anode or cathode o0 €
ate.
C
e Cc b PNP
O O
®b e
d a
g
9 k k
a a
e
g g
i W

259 Semi conductor devices symbols and tvpical
outline drawings. ( Transistor cases and lead positions
vary considerably )

Resistors (R) (260) also have two alternative
S e e e R Symbnls (261), (a) 1s the new BSI recom-
' mendation in accordance with international
agreement, and (b) is the former symbol it
258 Semi conductor devices and photographs. Repro- replaces. (¢) appears frequently in continental

duced by courtesy of Mullard Limited from their books, and is recommended by BSI for non-
Minibook No. 3 reactive resistors.

}
.
)
Cnd
P s
O
[
-
X
L
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262 b  wvariable

Figure 263 (a) 1s the symbol for a pre-set
resistor, and (b) is that for a variable resistor.
c 1 and 1 are pre-set and variable potential
dividers (pots). The same component is used
260 Resistors, fixed (R) carbon for both purposes. As a variable resistor two

terminals are used, input and the variable
a : output. As a potential divider three terminals
are used, and the central wiper picks off any
voltage between zero and the full voltage, the

b —AANN balance being directed elsewhere in the circuit.
c —ITUL— — =
261 Resistor symbols T

(a) recommended

(b) not recommended

(¢) non-reactive resistor

Variable resistors (262 ) may be either pre-set 4¢|-— _:—
(a (1) and (11)) or variable as required (b). A _ |

pre-set component (resistor or capacitor) is 263 PV"””ME resistor symbols

set with a screwdriver or slider to trim a circuit, r[‘;j ﬂ;;gk
T;ia?jgEciifl];)lznr::lrtn;:lfi};ni?;l]aézle:f]jnal,lgj;i-bj; (¢) (1) and (i11) preset and variable potential dividers
a knob on the control panel, and 1s used to tune
a circuit or control the level of output. The
pre-set symbol is a diagonal line with a cross
bar at the end drawn over the symbol for the
component, and the variable symbol 1s a
diagonal arrow.

Capacitors (C), (diagram 264 a, ceramic disc,
b, polyester, c, electrolytic) are represented by
the two parallel plates of a single capacitor.

3 £ .4 262 Resistors variable (R1)
: ; . ; E 262 a (i) and (ii) Preset vertical 264 Capacitors (C)
| - and horizontal (a) ceramic disc
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266  Inductor symbols (L)
| (a) recommended symbol
| (b) non recommended symbol

| Transformers are represented by two windings
| 1 back to back (267 ), and cores by the absence

(air core) or presence of continuous lines
(b) polyester (laminated core) or dashed lines (dust core)
(b and c). (See also chapter 12, diagram 241).
Chokes or ballasts are shown as coils (268 a)
and iron-cored chokes (b) with a solid line
alongside the coil (as in the iron-cored trans-

|
.?
|
|
|

former).
I
(a) air core (b) laminated core (¢) dust core
(¢) electrolytic 267 Transformers
(265 a) 1s a non-electrolytic capacitor, b (1) 1s

a non-polarised electrolytic and b(i1) 18 a
polarised electrolytic capacitor. Pre-set (c)

S om0 Tt S G A B

and variable (d) capacitors have the usual (a) no core (b) tron core
symbols superimposed on the capacitor sym- 55%  Ohobeor Ballast
bol.

,” %\ Filament lamps are indicated as in (269 a),
a ¢ and signal lamps as in (b).

[ R
b (1) —®_'

nt 7"1
b (i I ] p (a) filament (b) signal
26g Lamps
265 Capacitor symbols
(a) non electrolytic Cﬂnnecting wires 1n a circuit diagram are
(b) (1) non polarised electrolytic shown as solid lines (270). All permanent £
(11) polarised electrolytic joints are indicated by a black spot on the

Inductors or coils (L) are represented by a junction. No more than three wires should
conventionalised coil winding (266 (a)). The connect with any one point (a). When four
version 1n (b) 1s no longer recommended. wires join, the actual junction should be stag-
Cores are shown as in transformers, and tuned gered or offset (b). Where two wires cross
coils with the pre-set or variable symbols. (always at right angles) the wires are drawn
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without the dot (c). The non-preferred alter-
natives of breaking one wire or of bridging are
also shown. Any permanent (soldered) con-
nection 1s shown as a solid circle and any
temporary connections (switch terminal or
Input or output terminals) are shown as rings

(d).

270 Wirtmg (a) join
(b) staggered junction

Table of resistor codes (British and
RMA-JAN (USA)

Resistors have a series of coloured bands round
the body at one end of the component. The
first band 1s the first digit of the value, the
second band is the second digit, the third band

Colour Dagits Multiplier
Black @

Brown I 10
Red 2 100
Orange 3 I 000
Yellow 4 I0 000
Green 5 100 000
Blue 6 I 000 000
Violet 7 I0 000 00O
Grey 8 100 000 000
White 9 [ 000 00O 00O
Gold =10 16
Silver =00 = jo "

No colour

(¢) crossing wires

#q

(d) connections

1s the number of zeros to be placed after the
first two digits (the multiplier), and the fourth
band if present indicates the tolerance above or
below the stated nominal value.

Tolerance

o

O O 6 0.6

r=ni
O

Q O O

-
@]

137



BS 1852 Resistance code

BS 1852 Resistance code

Resistors in the order of ohms are denoted by R
kilohms K
megohms M

digits before the letter are before the decimal

point, and after the letter are behind the

decimal point. Tolerance is indicated by a

further letter. F 10 per cent
G 2 per cent
] 5 per cent
K 10 per cent
M 20 per cent

eg, 5 ohms 109, resistor 1s sRokK

5.6 kilohms 209, resistor 1s s K6V

10 megohms 59, resistor 1s 10M ]
To keep the range of resistor values down,
preferred values are used. ''he 10 per cent
preferred values between 1 and 10 are as
follows :

1.0

1.2

1.5 Between them they cover the entire
1.8 range from 1 to 10 ohms, as the upper
22 limit of one value 1s the same as the
2.7 lower limit of the next higher value.
3.3 ‘I'he next two decades are of course
3.9 the same range multiplied by 10 or
4.7 100. T'he third decade uses a metric
5.6 prehix and the units range again. eg,
6.8 1 ohm, 10 ohms, 100 ohms, 1 kilohm,
8.2 1o kilohms, etc.
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204—5
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Choke 136, 268
Circuit, calculations 121—4,
227—0
parallel 123, 2316, 233
series 1213, 23Ia, 232
simple 122, 229—230
smoothing 128, 247—250
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counter 114, 215, 216
dimming unit, thyvristor,
low voltage 116—7, 220a
mains voltage 117, 220b
Hasher unit, low voltage
LYY, 200
mains voltage 117, 221
frequency conscious lights,
low voltage 118—, 224
mains voltage 118—9, 225
light sensitive switches 116,
2rga,b
oscillator, 1t Hz 118, 223

1350, 195,

142

voltage stabilizer 129, 254
Colour, complementary 2o,
70, colour plate 1
constancy 71
discs, see Discs, colour
Q1—2
focussing 72, 127—9
primary 7o, colour plate 1
projected 75, 134b, 134¢C
-shift, intensity of illumina-
tion 71, 126
theory of 20, 76, 1378
Colour code 9, 124
Colour receptors 20, 69, 11,
123
Components 134—0, 2608
Compositions, changing
50-2, 734
Computer layer, see Eye 15
Continual Lumiere, Julio Le
Parc 62, 104
Continual Lumiere Cylindre,
Julio Le Parc 62, 105
Cruz-Diez, Carlos,
Physichrome 6, 52, 75, 76
Cube, ambiguous skeleton 30,
40
blocks of, illuminated 54,
52
groups of 30, 43
interpenetrating 33,
48a,b,c
or hexagon pattern 32,
46a,b
or two dimensional pattern
31, 44a,b
Current 1213
direction of flow 122
Cybernetics 11—2

Depth perception 18—
Discs, colour, rotating gi—2,
I154—62
cross fading 1556

on-oft 762
radial alternation 758—¢
radial division 154
radial movement 157
step-wedge 161
Diodes, ‘catching’ 116, 219
junction 105
steering 114, 215—0, 218a
zener 117, 129, 222, 251
Dodecahedron 76, colour
plate 2
Duarte, Angel, Vg 71a,
VIT ZIb

Electricity 121, 226
Electrons, movement of 121,

226
in semiconductor 103—4
‘holes’ 1n  semiconductor
104

Eve, description of 14
human 11
multicelled 11
primitive II

Figure ground effect, see In-
terpretation 20 et seq
Filters, electronic
high pass, low pass 109,
200
band pass, band stop 109,
201
smoothing 128, 248—50
Filters, light 70—1, colour
plate 1
Filter networks, see Filters,
electronic 118, 2245
Frequency conscious circuits
118—Q, 224—5
resonant 108, 179b
Fuse, position of, in circuit

124, 234

Half tone, moiré effect 40,
b0—1



Healey, John, Box No. 3 66,

i B

[llusions 25
arrowhead effect 26—7, 29,

~ 550
converging line effect 26,
Jo
Impedence, capacitive and in-
ductive series circuit
108, I19ga

parallel circuit 108, 199¢
Inductance 107
and capacitance 107—Q
Induction, spatial 24
temporal 24
Inductor 107, 136, 196, 266
Interpolation between edges
21
Interpretation 20 et seq
ambiguous figures 22—3, 30
figure ground 20
interpolation between edges
21
logical interpretation z21—2
simplification of shape 22

Kaleidoscope effect, see
Mirrors
Kinetic art, movement in 11
types of 12

[Lateral inhibition 16
Lenses, cylindrical 66—7,
EF =]
concave IT5
convex I14
spherical,
concave 65, 11171
convex 64, 107—110
L.e Parc, Julio, Tramée Alter-
née 62, 103
Continual Lumiére 62, 104
Continual Lumiere cylindre
62, 105
Light, control of, Chapters 7,
8, 9
Light Chapter 4
[.Licht, convex and concave
shapes 53, 79—60
direction of, on solids 53-6,
78—86

inversion of shape 54, 82z,
045
polarised 86, colour plate 4
reflection 58—62, 89—r102
refraction 58, 88
wavelength of 6g
white, resolved by prism
70, I24—5
Light, sensitive
cones 15
Light sensitive devices, sece
Switches 109
Logical interpretation 21—2

rods and

Mirrors, curved 60, 950
cylindrical 81, r44
plane 538, §9—92
spherical, concave 60,
Q7—I0I
convex 62, 1oz
two mirrors at an angle 509,
84, 93—4, 148
Moiré effect 37—s50
beat effect 37, 52
compositions on lined
ground 44—50, 65—72
fringes 38-9, 40-2, 537,
62—4
magnification 39—40,
59—01
vernier effect 39—40, 58
Morellet, Francois,
Sphere Trame 77, 140
Superimposed Chevrons 27,

39
Movement, composition 1n
50-2, /37

eye as detector of 17
impression of, by sequen-
tial 1images 57, §7
of spectator 37
virtual 33, 49—51
Multivibrator 112—4, 211—
216
astable 112, 212
action of 113, 211, 2140
bistable 112, 212—216
action of 113, 214b
monostable 112, 2712
counting circuit 114, 2150

NOR logic unit 113
as ring counter 114

Ohms 112—3, 228b

Optical system 14

Oscillator 113, 118, 223, 214a

Overloading visual system 27,
38,30

Perspective, parallel line illu-
sion 20, 33—4
reversible 3o, 41a,b
Pigment 70—1, colour plate 4
and colour 85, colour plate 4
PN junction 104, 188
biased 104—5, 1go—1
Polarised light 86, colour

plate 4

Potential difference, see Volt-
age

Potentiometer, see Resistors,
variable

Power 121—3
Prisms 67, 8o, 83, r18—9, 143,

147
Projection, tront 73—4, colour
plate 2
back 74—6, 132—5, colour
plate 2

Pulfrichs pendulum, appen-
dix 132, 255

Pulse generator, see Multi-
vibrator

Ray track displays 7784
cylindrical mirrors 81, 144
light through cylindrical
lenses 8o, 142

light through prisms 8o,
143

linear compositions 77, 141

Rectihier 1278, 242—6
bridge 128, 246
full wave 127, 245
halt wave 127, 244

Reference, frame of 23

Reflection, total internal

678, rzo—I1
Relay, iron-cored ¢7-8,
Ins=p
dry reed 98, 177
Resistance 101—2, 122—3
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Resistor 101, 106, 134, 260—1I
preset 135, 262—3
series 102
stabilising 110-1, 206—7
variable 135, 262—3
Rhombic dodecahedron 54,
83—4, 132, 2560
Riley, Bridget, Fall 27, 38
Rotor-stator system 82, g2—4,
103—74
disc 133
drum rotor 94, 170—3
movement of light areas ¢4,

1703

Schofter, Nicolas, Chronos &
77, 139
Semiconductors 103—6, 134,
184—94, 258—9
Shutter 133
cylindrical 82, r46
disc 82, 145
plane, colour 8¢
fishtail 89, 153
rotating 88, 157
shiding 88, 150, 152
Simplification of shape 22
Size constancy 26
Smoothing circuits 128
capacitor input 247

144

choke input 248
resistor 250
Solids, faceted 54, 57, 76, 83,
87, colour plate 2
Soto, Jesu-Raphael,
Cardinal 69
Double Nowr 70
Stabilizer, voltage 129, 2571—4
Stimulus, reaction to 16
Supply 1269
Switch, cam g9, 179
classification 124—5, 2359
drum 98, 178
electronic 111, 209—10
light-sensitive 116, 219
mercury 101, IS8T
micro- 100, 180
position of, in circuit 124,
234
thyristor D.C. 114, 217
Symbols, electrical and elect-
ronic 134

Thyristors 1056, 192—4
dimming unit, low voltage
116—7, 220a
mains voltage 117, 220b
flasher unit, low voltage
II7. 220
mains voltage 117, 222

frequency controlled cir-
cuits 118—Q, 224—5
ring counter 114, 218
T'ransducers 12—3
I'ransformer, mains 126, 136,
2401, 267
‘I'ransistors, action of, as am-
plifier 110—-1, 202-8
as switch 111, 209—10
amplifier, stabilization 1171,
200—7
stage 111, 208
biasing 107, 198
theory of 105, 191

Unaits, electrical
electronic 134
SI 130

Vasarely, Victor, Meandre C,
Sende, Tilla 33, 49, 350,
51
Vision, colour 2o, 69, 123
Nolt 121—2, 227¢, 2258d
Voltage, stabilizer 121—3
divider network 110, 205

Watt 1213, 227d

Yung-Helmholtz, colour
theory 20

Yvaral, Structure Seulement
68
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