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RESUMEN: 

Tres elementos participan en la visión de una escena: la fuente de luz, el objeto que refleja,
difunde o altera esta luz y, finalmente, el sistema visual humano (incluido el cerebro), que 
interpreta la información de esa luz. 
Unas buenas condiciones de visión y un entorno visual confortable dependen de la relación entre
hombre y luz en términos de representación visual, confort visual, etc. Sin embargo, también
dependen de factores más complejos de naturaleza psicológica o social. Por tanto, debe tenerse en
cuenta que la iluminación no es una ciencia exacta; es tanto un arte como una ciencia. 
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ABSTRACT: 

Three classes of elements interact in viewing a scene: the source of light, the object that reflects,
diffuses and otherwise alters this light and, finally, the human visual system (including the brain),
which interprets the information carried by the altered light. 
Good seeing conditions and a comfortable visual environment depend on the relationship
between man and light in terms of visual performance, visual comfort, etc. However, they also
depend on more complex factors of a psychological or social nature. It should therefore be kept in 
mind that lighting is not an exact science; it is as much an art as a science 
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Most people think we first experienced 

seeing in aquatic environment (of course, with 
natural lighting) and it can be noticed that maximum 
transmission of seawater and maximum sensibility 
of peripheral retina practically coincide. Evolution 
of humanoid specie, arboricol environment, 
probably led to the specialised central vision. 
 Later, the discovery of the fire as a first 
artificial light allows major progress in safety, 
thinking processes and social relations. Some 
millennium later the situation is mainly the same.  
 Nevertheless, nowadays, the request for 
quality of visual environment has reached a high 
level and lighting engineering now requires an 
attentive examination of the numerous interacting 
aspects of human activities. 
Of course, for daytime, control of natural light 
(direct sunlight and light diffused by the sky) 
remains of major importance (with an increasing 
attention du to new thermal policy for building). 
At night or when artificial lighting is required, 
physical properties of light sources such spectral 
distribution of light, electrical properties and time 

dependant behaviour, must be attentively 
considered. 
Three classes of elements interact in viewing a 
scene: the source of light, the object that reflects, 
diffuses and otherwise alters this light and, finally, 
the human visual system (including the brain), 
which interprets the information carried by the 
altered light. 
Good seeing conditions and a comfortable visual 
environment depend on the relationship between 
man and light in terms of visual performance, visual 
comfort, etc. However, they also depend on more 
complex factors of a psychological or social nature. 
It should therefore be kept in mind that lighting is 
not an exact science; it is as much an art as a 
science. 

1.- The visual system 
The visual system, comprising the eye and the brain, 
is the key element in determining what we see. Fig. 
1 shows a simplified cross-section through an eye 
and a stylised view of the neural network in the 
central retina. 
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As can be seen from Fig. 1, the eye is basically a 
classical optical system with a lens of variable focal 
length (the crystalline lens), an iris diaphragm of 
variable diameter (the pupil), and a sensitive 
receptor (the retina). But this receptor is strongly 
different from physical detectors. 
The lens can be made more or less convex by means 
of the ciliary muscles. The diameter of the pupil can 

be varied from approximately 1 mm to 8 mm. This 
variation allows a rapid, but limited (less than 
1:100), adaptation of the eye to entrant light levels. 
Another means of adaptation is provided by 
chemical changes in the retinal receptors. These 
adaptations occur quickly for increasing luminosity 
levels, but are slow-acting for decreasing luminosity 
levels, as is well known by night drivers. 
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Fig. 1.- The eye 

 

The retina is an heterogeneous structure with two 
classes of photoreceptors: cones and rods. These 
receptors differ in shape and also in sensitivity and 
spectral response. Rods have a single spectral 
response with a maximum near 500 nm but there are 
three wide overlapping spectral responses for cones. 
The cone responses allow colour to be perceived but 
also lead to the important phenomenon of 
metamerism - a sensation of the same colour may be 
obtained from lights of distinct spectral 
compositions (Fig. 2). In the main these two families 
of receptors are arranged in two different areas. 

The first area represents the major part of the retina 
and is covered essentially by rods and a low density 
of cones. This area is well designed for low-
intensity and low-definition vision. 
The second area, called the fovea centralis, is a 
small zone near the vision axis. In this region, the 
cones are individually served by optic-nerve fibres, 
so that this small area, covering roughly two angular 
degree of visual field and completely free of rods, is 
responsible for precise and coloured vision. This 
small detection area, in association with the small 
pupil aperture, define a narrow beam of light, 
making the eye sensitive mainly to luminance. 
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Fig. 2.- Cones and rods sensitivities (B, G, R Cones=Blue or S, Green or M, Red or L cones sensitivities; Rods=Rods 

sensitivity) and influence of spectral lamp radiation distribution on colour rendering index (CRI). On the left-hand vertical 
lines roughly represent the narrow emission bands of phosphors specially designed in order to excite the RGB cones near 

their maximum sensitivities. On the right hand, a continuum have been added in order to improve colour rendition 
 

Interconnections of individual signals from the rods 
and cones is achieved through the bipolar, 
ganglion, horizontal and amacrine cells. This 
allows information to be compressed and enables 

the differential detection of special structures of 
shape, colour and direction. 
Unfortunately, the cones have little response at 
luminance levels below a few candelas per square 
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metre (12 lux on white paper corresponds roughly 
to 3 cd/m2). These values therefore correspond to 
the boundary between photopic viewing (viewing 
in daylight or high illumination levels) and mesopic 
viewing (for example at dawn or during full 
moonlight), when vision is achieved by a 
combination of cones and rods. As the French say: 
‘La nuit, tous les chats sont gris’ (at night, all cats 
are grey). 
Precise perception of the whole visual field is of 
course not possible directly because of the small 
detection field defined by the fovea and the pupil. 
Fortunately, in normal vision the eyes are always 
on the move and their movements - small 
oscillations and saccades - allow the brain to 
reconstruct our whole visual environment. We 
always see the world in our brain! 
Finally near visual photopic conditions and at a 
high level of integration, three important functions 
and neuronal systems can be identified. The first is 
sensitive to luminance contrasts, movement and 
depth of focus; this system does not react to 
persistent information or coloured fields and is 
poorly suited for the analysis of small static 
structures. The second system is sensitive to 
coloured fields and grey shades; it does not detect 
movement, shapes or depth of focus. The third 
system is sensitive to tiny coloured contrasts under 
quasi-static examination. 
In contrast to the central cones, the rods are 
believed to be combined in groups of large 
numbers of cells, providing sensitivity for low light 
level viewing but at the expense of resolution. 
Rods also play a major role in the detection of 
unexpected events in the peripheral environment. 

2.- Illuminations and visual needs 
As said before, lighting was originally introduced 
as a means of safety. This is still an important 
reason for providing public lighting today, crime 
and vandalism remaining a major problem in most 
public areas. The recognition of people, the 
detection of obstacles, the avoidance of glare, and 
visual orientation are factors to be considered in 
combating crime and preventing fear. 
In European countries, it is generally possible to 
distinguish between an old town centre and 
residential or industrial areas on the outskirts. To 
facilitate traffic movement between these areas, 
arterial or link roads as well as motorways have 
been created. Reduction of traffic accidents is a 
major reason for installing street and road lighting. 
Important considerations for this type of lighting 
are road brightness, glare reduction and visual 
guidance. 
Road lighting and lighting for security must be 
present in all parts of a city but the solutions can be 
quite different depending on the location. For 
example, in town centres and tourist areas, greater 
attention is generally paid to guidance and 
decorative aspects of urban lighting. These 

installations also need to have a pleasant 
appearance during the daytime. 
Sports stadia and cultural event venues also need to 
be lit appropriately, taking into consideration the 
different demands of players, spectators and 
television. Attention needs to be given to vertical 
and horizontal illuminances, glare effects, safety of 
the installation and security of people. 
Likewise, shopping and community centres, 
parking areas and industrial areas, which have 
generally been isolated from residential zones, 
require specific treatment.  
Practical aspects, such as adaptation of luminaires 
and poles, painting, fixing, access to cable joints 
and fuses, must be carefully examined. 
We now introduce parameters that are more easily 
determinable and suitable for use in light 
engineering. In most practical situations the eye 
works under conditions where only photopic or 
mesopic vision is relevant and consequently the 
following discussion will generally be limited to 
these conditions.  
Visual performance is a quantity measurable as a 
percentage error for a given population. There are 
several well known classical parameters that 
govern visual performance: angular size and 
distinctness of the detail, luminance and colour 
contrasts, luminance adaptation, luminance 
distribution, nature of the lighting system, 
presentation time, temporary and permanent vision 
diseases… The choice of determining parameter 
(luminance or colour contrast, detection of 
movement and position,....) depends on the nature 
of the scene, taking into account eye properties 
presented in paragraph 1. 
In photopic conditions, the influence of angular 
size, luminance contrasts and luminance adaptation 
can be summarised in terms of the variation of 
contrast sensitivity with spatial frequency where 
retinal illuminance adaptation is taken as a 
parameter. 
Note that the large spatial frequency response 
seems to be obtained by the parallel matching the 
outputs of separate channels. Therefore when 
information is to be displayed it is very important 
not to address two different sets of information to 
the same channel. 
In scotopic (i.e. low light) conditions (e.g. in the 
total darkness outside a car’s headlights) or 
mesopic conditions (e.g. in a car’s headlights), 
human visual performance is considerably lowered: 
the cones can not work properly and detail 
detection, depth-of-focus appraisal and colour 
judgements are greatly altered. 
Under both photopic and mesopic conditions the 
luminance distribution may also affect visual 
performance through the glare effect, which is 
caused by diffusion of light within the eye. This 
phenomenon increases when the luminance, the 
number and extent of the disturbing source 
increases or when the angular distance between the 
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disturbing source and the vision axis decreases. 
The glare effect also increases with age. 
Consequently, a lighting system (i.e. power supply 
+ source + luminaires) must be designed from 
several different aspects - photometry, colour 
appearance and colour rendition, time dependence, 

efficacy, simplicity - and must produce a visual 
environment suitable for the activity for which it is 
designed. 
Table I summarises some of the requirements for 
public lighting. 

 
Table I 

Requirements for public lighting. Importance is indicated by the number of crosses. 
 

Area of 
application 

Subjective requirement (a, top) and technical characteristic (b, below) 

 Dynamic acuity/ 
Stereoscopy 

Static acuity/ 
Colour 

Ambience Visual hygiene/ 
No glare 

Sense of self-
security 

 Luminance/ 
Contrast 

Colour/CRI/ 
Spectral 

distribution 

Colour 
temperature/ 

Spectral 
distribution 

Spatial continuity 
of flux 

Cylindrical 
illumination 

Link roads xxx x  xxx  
Roads xx xx  xx xx 

Town centres xx xx xx xx xx 
Residential areas x x xx x xxx 
Shopping centres xx xxx xx xx xx 

Public areas xx xx xx x xx 
Illumination xxx xx xx xxx xx 

Museums xx xxx xxx xx xx 
Sports stadia xxx x xx xxx xx 
Parking areas xx x xx x xxx 

 
 Frequent start Limited number of 

light sources 
Maintenance Flux 

adjustement 
Projectors 

 
Link roads x xxx xxx xx xxx 

Roads x xx xx x xx 
Town centres x xx xx x x 

Residential areas x xx xx x xx 
Shopping centres x x xx x x 

Public areas x xx xx x x 
Illumination x xx xx x to xxx xxx 

Museums xx xx xx xx x 
Sports stadia x x to xxx xx x xxx 
Parking areas x x xx x x 

 
The power supply may be a traditional 50Hz supply or 
an electronic supply, intelligent’ or otherwise. The 
light source is characterised by its luminous flux in 
lumens, its luminous efficacy in lumens per watt and 
its spectral distribution. The spectral distribution 
determines the colour quality of the source. In practice 
the latter is defined by its colour temperature, which 
gives the observer's perception of the light (e.g. warm 
white, cold white), and its colour rendering index (CRI, 
in the range 0-100), which expresses the extent to 
which artificial light is able to render a ‘reference’ 
colour of an object. 
The light source is always enclosed in a luminaire, 
which defines the luminous intensity distribution of 
the luminous flux. If rigorous control of the 
luminaire emission photometry is required, point or 
line sources are needed. Clearly the choice of lamps 

is of critical importance in the design of a lighting 
installation. 

3.- Producing visual radiations (or light) 
The first artificial source of light was fire. Until 
1870 it was also practically the only artificial light 
source. Consequently our visual system has two 
basic reference sources: natural light (which has a 
high colour temperature of 5000K-10 000K and 
high illumination levels of 5000-100 000 lux) and 
fire (which has a low colour temperature of 1500K-
2500K and low illumination levels of 10-100 lux). 
Fire is regarded as a thermal source of light. In 
thermal sources, the emitted light depends directly 
on the temperature of the source, as in black and 
grey bodies. Tungsten lamps are good examples of 
thermal sources. 
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Until now the maximum temperature practically 
obtainable for a solid body has been about 3400K. 
Fig. 3 shows black body emissions at 2700K and 
5200K (the approximate colour temperatures of a 
standard tungsten lamp and the sun, respectively) 
and the mean sensitivity of human eye. As can be 
seen, the resulting luminous efficacy of the 2700K 

radiation, about 15 lm/W, is seriously limited by the 
temperature. 
For the 5200K black body emission, the luminous 
efficacy is about 100 lm/W, but that temperature is 
not attainable with a solid body. However, a 
temperature of 5200K is easily obtained in a 
discharge lamp. Fig. 3 also shows the emission of 
the green thallium line in a mercury-thallium high-
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Fig. 3.- Black body emissions at 2700 and 5200K, mean sensibility V(λ) of human eye and 
simplified emission (green 535nm Tl line) of a mercury-thallium discharge lamp. 

 
 

intensity discharge (HID) lamp. The efficacy of this 
green line radiation is about 625 lm/W and the 
maximum of the line emission is close to the black 
body emission for the same wavelength. 
Furthermore, in a discharge, it is easier to modify 
the nature and pressure of the emitting body, the 
temperature and so on. 
Pressure is a determinant parameter. Table II gives 
an idea of some quantities for high- and low-
pressure mercury discharges. 

TABLE II 
 Pressure (P) 
 High Low 

Electron density, m-3 1022 1017 

Atom density, m-3 1024 1022 
electron/atom collision frequ., s-1 1012 109 

Plasma phase LTE* No LTE 
Power density, W m-3 107 102 

Luminance, cd m-2 106 103 
Thermal losses High Low 

*LTE = local thermodynamic equilibrium. 

With a discharge sources there is a trapping 
problem: for a given electrical power we must 
minimise the useless thermal losses and maximise 
the useful radiation. It is also necessary to trap some 
species, for example the electrons, which transfer 
power, through collisions, from the electrical field 
created by the external generator to atoms. 
 
Fig. 4 illustrates this specific problem of light 
sources: photons must be able to escape but 
electrons (and some other particules) must be 
trapped. One solution, shown in the figure, is to 
separate duties between a working gas (wg) and a 
trapping (or control) gas (tg) that satisfy the 
following conditions: Pwg<<Ptg (or Ntg>Nwg, where 
N is the density of atoms), Ewg<Etg, where P is the 
partial pressure of the gas and E the excitation 
energy. The working gas is exited and ionised. The 
trapping gas supports neither excitation nor 
ionisation: it only controls particle movements and 
hence conductivity and other material properties 
(but not, of coarse, photon trapping).
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Fig. 4.- A specific difficulty in light sources 

 

Photon escape may be also achieved through an 
other mechanism: line broadening. The basic idea is 
very simple: if a given number of absorbing atoms 
are linearly displayed on a broader frequency range 
the absorption effect is lowered exponentially. In 
reality the distribution will not be linear and the 
situation is a little more complex! Besides, the effect 
depends on the properties of the atoms and is more 
or less efficient depending on which atoms are 
chosen. 

4.- Some lamps and their properties 
Fig. 5 summarises the main properties of six 
families of lamps. The following paragraphs try to 
show how these properties are achieved. 
 
Tungsten lamps 
It has already been explained that the efficacy of the 
tungsten lamp is low and depends strongly on the 
temperature of the tungsten wire. However 
evaporation of the tungsten also depends on this 
temperature. Finally the parameter pair ‘efficacy-
life’ offers us a wide choice: 12 lm/W-1000 h for 
classical tungsten lamps, 20 lm/W-2000 h for 
tungsten-halogen lamps for general lighting, and 30 
lm/W-150 h for special uses. 
 
Tungsten halogen lamps 
In tungsten halogen lamp, the halogen H (iodide, 
bromide or compounds) gives with wall-deposed 
tungsten W a molecular compound (WHn) volatil at 
wall temperature. These molecules diffuse towards 
the hot tungsten wire where they discociate. Major 
part of tungsten atoms fall on the wire and halogen 
atoms diffuse back to the wall where they recombine 
with wall-deposed tungsten (halogen cycle). This 
interesting cleaning of the wall leads to another one 
effect:  because  the wall  remain clear, it is possible 

to minimise the envelope size. Furthermore, for 
thermal reasons, this envelope was made with 
quartz, so the envelope may resist to high pressure 
of rare gas. The high density of rare gas limits 
tungsten evaporation and it is possible, conserving 
the same wire temperature and efficacy, to increase 
the lamp life. Of course, the reverse effect may be 
choosen. For general lighting the lamp life is fixed 
at 2000h with an efficacy close to 20lm/W. 
 
Fluorescent low-pressure lamps 
The fluorescent lamp family exploits the properties 
of the low-pressure mercury-rare gas discharge. This 
discharge provides a good example of the separation 
of duties, with mercury at a pressure of a few Pascal 
acting as the working gas and electron trapping 
being controlled by the rare gas at a pressure of a 
few hundred Pascal. 
In such a discharge, it is possible to optimise the 
electron temperature so as to produce a high level of 
resonant radiation at a wavelength of 254nm. More 
than 50% of the positive column power can be 
converted into ultrviolet radiation. Thus, despite a 
poor ultraviolet-to-visible radiation conversion 
factor, a luminous efficacy of 100 lm/W with a CRI 
of 85 can be achieved using HF excitation. 
However, a low pressure implies a low emission 
density - about 7 lm/cm3 for a 32 W lamp. Because 
of thermalisation (electron temperature is going 
closer to atom temperature), it is difficult to increase 
this value without decreasing lamp efficacy. An 11 
W compact fluorescent lamp has been produced 
which provides an emission density of 20 lm/cm3 
and an efficacy of 82 lm/W. 
This well established lamp family still attracts 
interest. Ways are being investigated for eliminating 
mercury, altering the phosphors and making changes 
in the excitation mode, flux and colour through 
electrical excitation etc. 
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Fig. 5.- Characteristics of incandescent (tungsten), low-pressure (LP) and high-pressure lamps (Hg = mercury; Na = sodium; 

MH = metal halide). Each color line represents: black→P = power, from 0 to 3 kW; red→η = efficacy, 0-200 lm/W; 
yellow→L = life, 0-15000 h; green→CRI = colour rendering index, 0-100; blue→Tcp = colour temperature, 0-6000K) 

 
 

High-pressure mercury lamps 
Higher emission densities are wanted for 
applications where a high illumination level and a 
limited number of source points are required. These 
can be achieved by increasing the gas density in the 
lamp. For example, in a 400 W high-pressure 
mercury lamp, an emission density of 1100 lm/cm3  
can be obtained in a discharge running at 1.5 x 105 
Pa. However, because of ultraviolet emission, this 
lamp has a poor efficacy (55 lm/W) and a limited 
CRI (55 with fluorescent correction). 
 
High-pressure sodium lamps 
At pressures higher than 104 Pa local thermal 
equilibrium is realised, thermal losses increase, and 

spectral lines are absorbed and broadened. In such 
conditions, in a high pressure sodium lamps, the 
centre of the line is strongly absorbed but, due to the 
properties of sodium atoms emission, the line is also 
strongly broadened and a lot of light can escape in 
the wings of the line profile. So, the high-pressure 
sodium discharge shows an efficacy of greater than 
110 lm/W for a 400 W lamp. For this lamp the 
emission density reaches 13200 lm/cm3 and the lamp 
is an effective line emission source. The high 
efficacy of the high-pressure sodium lamp is linked 
to the fact that the dominant emission, from the 
resonant line of sodium, is in the visible part of the 
spectrum; however this property also limits the 
colour temperature and the CRI. 

TABLE III. MATCHING LIGHT SOURCES TO APPLICATIONS 
T (Tungsten lamps for general lighting), F (fluorescent lamps), CF (compact fluorescent lamps), MHL (metal halides lamps), 

WNa (white sodium lamps), HPNa or HPHg (high pressure sodium lamps or high pressure mercury lamps), FHF (high 
frequency fluorescent lamps) 

 Output, 
F, 

klm 

Efficacy,
�η 

lm/W 

Life, 
L, 
kh 

Colour 
temp., 
1000K

CRI, 
0-100 

Projector 
(point source) 

Frequent 
starting 

Instant  
light 

Sources 
 

Domestic 0.4-3   2-4 90-100  Yes Yes T, CF,F 
Offices 1-10 high >5 2.5-5 85-100 No No No F, CF, MHL 

Commercial 1-10 high >5 2.5-6 85-100 Yes No No F, CF, MHL, WNa
Storage 1-10 high >10   No No No LPNa, HPNa 
Roads 10-100 high >10   Yes No No HPNa or HPHg, 

MHL 
City centre 1-20 high >10 2-4 85-100 No No No MHL, FHF, WNa 

Sites 10-100     Yes generally 
No 

generally 
No 

MHL, HPNa, ... 

 
 
High-pressure metal halide lamps 
Better colour rendition (CRI 80-90) and high 
efficacy (100-80 lm/W) can be obtained with high-
pressure metal halide lamps. These results are 

obtained through complex chemical equilibrium and 
transport phenomena, and so, due to colour 
dispersion, the practical life of these lamps is 
generally more limited (4000-6000 h) than for other 
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discharge lamps (8000-20 000 h). There is potential 
for much development in this area and this family of 
lamps has much promise. 
Table III attempts to link the main lighting 
applications to light sources properties. Of course 
other possible combinations exist depending on the 
imagination of the lighting engineer.  

5.- Acknowledgements 
These notes belong to a talk given by Pr. J..J. 
Damelincourt at the University of Granada, in the 
frame of the bilateral Picasso project 
"Pluridisciplinary study of pulsed colored sources" 
(HF-842000), financed by the Spanish Ministerio de 
Ciencia y Tecnología. 
 

6.- Annexe 
Definitions 

Candela: the unit of luminous intensity defined such 
that the luminance of a black body radiator at the 
temperature of solidification of platinum is 60 
cd/cm2 (past but eloquent definition). 

Luminance: a measure of the brightness of a surface, 
measured in candelas per square metre of the surface 
radiating normally. It represents the density of 
luminous flux per steradian per square metre of 
surface viewed. 

Lumen: the unit of luminous flux, equal to the 
amount of light emitted per second in unit solid 
angle from a uniform source of one candela. It is the 
amount of light which falls on unit area of a surface 
when the surface is at unit distance from a source of 
one candela. 

Lux: the unit of illumination or illuminance, equal to 
one lumen per square metre. 
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