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Introduction
Peter Bodrogi and Tran Quoc Khanh

The technology of LED lighting (the illumination with light emitting diodes),
especially with modern high-power LEDs has developed very rapidly in the
past decade. According to the LEDs’ tendency to achieve high energy efficiency
with superior lighting quality and accordingly, a high level of user acceptance,
LEDs have acquired a substantial economical relevance worldwide. The market
share of LED light sources and LED luminaires is increasing rapidly at the time
of writing. Nevertheless, to ensure good lighting quality for the human light
source user, the user’s perceptual characteristics (e.g., the way they perceive
colors) are considered as important optimization criteria during the design
and development of high-tech LED illumination systems. This book presents
optimization guidelines for LED technology in the view of human perceptual
features within the interdisciplinary framework of lighting engineering.
Lighting engineering deals with the energy efficient and application dependent

production, characterization, transmission, and effects of optical radiation on
human users taking the aspects of visual perception and light and health aspects
into account [1]. The four main subject areas of lighting engineering are shown in
Figure 1.1.
As can be seen from Figure 1.1, the principles of light production techniques

are important to manufacture light sources (lamps, lamp modules, luminaires,
headlights) with certain desirable spectral, energetic, geometric properties, and
spatial light distributions of the light they generate. Using advanced illumina-
tion techniques, this light is projected onto the object arranged in different room
geometries (in interior lighting) or street geometries (in exterior lighting). Light
measurement techniques, in turn, have the task to physically measure the descrip-
tor quantities of the visual (e.g., luminance, chromaticity) and light andhealth (e.g.,
circadian) characteristics of the illuminating system.
Colorimetry and color science (together with eye psychology and visual psy-

chometry) analyze the answers of the human visual system to the spectral (and
spatial) properties of the visual stimulus (i.e., the optical radiation reaching the
human eye) in detail. In colorimetry and in color science, numeric descriptor
quantities are defined to quantify human perceptions together with the circum-
stances under which a human visual model is valid, for example, different models
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Figure 1.1 Subject areas of lighting engineering [1].

for different adaptation levels – ranging between daytime vision down to night-
time vision, or different models for different sizes of the visual stimulus (e.g., 2∘ vs
10∘).
This lighting engineering framework is complemented by theoretical knowledge

on the chemistry and material science of phosphors and semiconductors as well
as relevant aspects of electronics and thermodynamics. The necessary deep the-
oretical knowledge is applied to practical problems. Principles of LED design are
illustrated by real-life examples so that, at the end, real know-how is conveyed in
terms of easy-to-understand and easy-to-use numeric criterion values. The aim
is to help apply this knowledge in the everyday practice of engineers involved in
the design, development and manufacturing of LED components, light sources,
lamps, luminaires, and LED lighting systems. Engineers can use this book as a the-
oretical reference and a practical guide to solve problems related to these types of
questions:

• How can the technology of LED light sources and luminaires be optimized for
the human user to increase user acceptance? How can the LED user’s visual
performance and light and health aspects be enhanced?

• In this respect, what are the most important components (that generate and
distribute electromagnetic radiation and dissipate heat) of LED light sources
and luminaires?

• What materials can be used to manufacture them and how can these materials
be improved and their arrangement improved?

• How can the radiation of LED chips be converted by today’s diverse variety of
phosphors? How can phosphor converted LEDs be combined with pure (col-
ored) chip LEDs to achieve high lighting quality in a high-end interior lighting
system?

• What are the most important chemical, physical, and technological parame-
ters of these LEDdevices exhibiting previously unknowndesign flexibility hence
huge optimization potentials for human users?

• How can the input (e.g., current, temperature) and output (e.g., spectral radi-
ance) parameters of the LED devices be measured physically?

• How can LED devices be modeled and controlled (e.g., by pulse width modula-
tion) – including their aging phenomena?

• How does the visual stimulus of the scene illuminated by the LED light source
come to existence?
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• How can LED illumination systems exploit the human visual system’s properties
to provide an excellent (interior or exterior) environment lit by LEDs for excel-
lent visual performance (excluding glare, flicker, and stroboscopic artifacts) and
high lighting quality?

• What interactions are there between the light from the LED light source and
the colored objects that reflect it and how does this interaction influence the
perceptions or the light and health aspects of human users?

• How can LED lighting systems be optimized for lower luminance levels in typ-
ical nighttime automotive lighting and street/road lighting applications from
the point of view of the human visual system in order to optimize brightness
perception, visual performance, and visual acuity?

• How can objective (numeric) criteria be derived from human measurements
that can be used to optimize a LED lighting system by engineering methods?
How can we formulate such criteria in terms of really usable numbers in engi-
neering practice?

To answer the above questions and to cope with related practical subjects in
real-world application effectively, Figure 1.2 shows the interdisciplinary workflow
concept of the present book for the technological and perceptual co-optimization
of LEDs.
As can be seen from Figure 1.2 (going from the upper box in the middle toward

the right), the LED lighting system illuminates an indoor scene or an outdoor
scene with an arrangement of colored objects with certain spectral reflectance
properties at a certain luminance level (daytime, twilight, or nighttime). The light
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Figure 1.2 Interdisciplinary workflow concept for the technological and perceptual opti-
mization of LED lighting systems.
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coming from the light source reaches the human eye sometimes directly but is
often reflected from the objects of the scene (see also Figure 2.14, left). Reflec-
tion changes the spectral composition of the light and a plethora of different color
stimuli arises. Parallel to this, the light also generates nonvisual brain signals, for
example, via the circadian stimulus which is responsible for the timing of the daily
rhythm of the human user.
The stimulus (i.e., the light reaching the eye) has some characteristic properties

that strongly influence the perception (see also Figure 2.14, right) it evokes in the
human visual system: its viewing angle, its retinal eccentricity after being imaged
onto the retina (i.e., the photoreceptive layer in the eye), its luminance, spectral
radiance, and spatial structure (e.g., a homogeneous disk or a complex letter struc-
ture). Perceptions also depend on the characteristics of the human observer (age,
health, and gender).The cognitive interpretations of the perceptions and the deci-
sions based on them (e.g., to purchase or not to purchase a lighting system) also
depend on the profession and culture of the user and his or her region of origin
he or she happens to live in or has grown up in.
To provide numeric optimization criteria for engineers, usable (i.e., practice ori-

ented and not too complex) models of the human visual system (and nonvisual
systems like the Circadian system) can be described systematically and they must
be well understood.These models compute the objective optimization criteria for
the LED lighting system from the physically measured characteristics of the stim-
ulus (e.g., its spectral radiance distribution). These criteria can be used, in turn,
for the optimization process of the different components of the LED illumina-
tion system. Now, going back to the upper box in the center of Figure 1.2 again,
these optimized components constitute an advanced LED lighting system whose
enhanced visual properties can be validated bymeasuring it physically, computing
its improved visual criterion numbers (e.g., a higher color rendering index) and,
finally, validating it in a dedicated field study.
As can be seen from Figure 1.2, the objective optimization criteria derived from

the human models belong to the left (technological) side of the workflow concept
as these criteria represent technological optimization targets. Anyway, techno-
logical optimization can be carried out only if usable models of the LED system
components are available for the engineer. Models based on the knowledge from
physics, chemistry, andmaterial science can be formulated for the LEDchip (semi-
conductor structure), the phosphor, the packaging of the LED light source, its
optics, control electronics, the temperature, and current dependence of its light
output as well as for the aging of LEDs after thousands or ten thousands of oper-
ating hours. If such models and their optimization criteria are known then LED
technology will be able to achieve an important one of its ultimate goals: better-
quality human perception.This book is intended to help the engineer achieve this
ambitious objective by the systematic concept of its chapter structure shown in
Figure 1.3.
As can be seen from Figure 1.3, Chapters 3 and 4 deal with technological

aspects (left-hand side) while Chapters 2, 5, and 6 are related to human percep-
tual issues (right-hand side). Chapter 3 describes the principles of how LEDs
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Figure 1.3 Chapter structure of the book.

generate electromagnetic radiation – including semiconductors, phosphors and
packaging. Chapter 4 presents LED specific measurement procedures from the
lighting engineer’s point of view and applies them to collect data as inputs for
usable LED models, both for short-term modeling and for modeling LED aging
and to predict their lifetime. Chapter 2 introduces the basics of the human visual
system and its models – extended to a Circadian model (timing human daily
rhythms by light).
Chapter 5 deals with the photopic perceptual aspects relevant to the design

of interior LED lighting, for example, color rendering, white tone quality,
and the chromaticity binning of LEDs. Chapter 6 communicates the mesopic
(twilight) perceptual aspects of LED illuminating systems relevant to exterior
applications requiring lower light levels, for example, brightness perception,
glare, and visual performance in nighttime driving with LED car headlamps or
LED based street/road lighting. Finally, Chapters 7 and 8 combine and apply
the knowledge accumulated in the earlier chapters according to the workflow
concept of Figure 1.2 to deduce optimization procedures and principles for LED
luminaire design with lots of demonstrative practical and numeric examples.
Finally, Chapter 9 recapitulates the most important lessons and findings of
the book.
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