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Abstract/EN

Light as a physical phenomenon affects the human organism
and its photosensitive systems, leading to a range of visual and
non-visual responses. The recently developed discipline of Inte-
grative Lighting considers both visual and non-visual effects of
light on humans to facilitate visual tasks but also support ove-
rall health and wellbeing. This paradigm shift in lighting practice
is underpinned by the discovery of intrinsically photosensitive
retinal ganglion cells (ipRGCs) and the photopigment melanop-
sin, playing a Non-Image-Forming (NIF) role, which promped
a number of studies aimed on enhancing human non-visual
wellbeing in indoor environments and developing recommen-
dations in the matter. This relatively recent research is based on
a range of methodologies with very different characteristics. As
light is able to influence numerous and intrinsically different
variables, ranging from environmental factors and conditions
to physiological and psychological processes, it is evident that
a need exists for the organisation and systematisation of these
methods in order to provide research with a suitable tool. This
thesis proposes such a tool for standardising research approa-
ches in Integrative Lighting. The tool was then applied in a real
case study at the Politecnico di Torino offices; field measuremen-
ts were taken and daylight and electric light simulations were
carried out in order to approach the current recommendations
in the practice of Integrative Lighting, which are gaining ground
in the most recent lighting standards, currently oriented towards
the holistic wellbeing of the person in the built environment.



Abstract/IT

La luce, in quanto fenomeno fisico, influisce sull’organismo
umano e sui suoi apparati fotosensibili, provocando una serie
di risposte visive e non visive. La disciplina dell'Integrative Li-
ghting, sviluppatasi di recente, considera questi effetti visivi e
non visivi della luce sull'uomo per facilitarne le attivita visive
ma anche per favorirne la salute e il benessere generale. Questo
cambiamento di paradigma nel campo dell’illuminotecnica e
dovuto alla scoperta delle cellule gangliari retiniche intrinseca-
mente fotosensibili (ipRGC) e del fotopigmento melanopsina, i
quali svolgono un ruolo Non-Image Forming (NIF) che ha dato
il via a una serie di studi volti a migliorare il benessere non vi-
sivo dell'uomo negli ambienti interni e a sviluppare raccoman-
dazioni in materia. Questa ricerca relativamente recente si basa
su una serie di metodologie con caratteristiche molto diverse.
Poiché la luce ¢ in grado di influenzare numerose variabili fon-
damentalmente diverse, che vanno dai fattori e dalle condizioni
ambientali ai processi fisiologici e psicologici, e evidente la ne-
cessita di organizzare e sistematizzare questi metodi per fornire
alla ricerca uno strumento adeguato. Questa tesi propone uno
strumento di questo genere, volto a standardizzare gli approcci
di ricerca nel campo dell'Integrative Lighting. Tale strumento e
stato successivamente applicato in un caso studio reale presso la
sede del Politecnico di Torino; sono state effettuate misurazio-
ni in campo e simulazioni di luce diurna ed elettrica per appro-
fondire le attuali raccomandazioni nella pratica dell’'lllumina-
zione Integrativa; queste ultime si stanno affermando nelle piu
recenti norme illuminotecniche, attualmente sempre pitt orien-
tate al benessere olistico della persona nell'ambiente costruito.
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Purpose of the thesis

The purpose of this thesis is to examine the discipline of Integrative Lighting in its
fundamental characteristics, its evolution and its impact on the design guidelines of the
future. As an evolving discipline, Integrative Lighting requires ongoing research;
however, in order to achieve valuable findings, a standardised approach to research
methodologies, to be applied to real case studies, is essential. Overall, the research
undertaken should be able to provide guidelines for architectural and lighting practice to
the designers of the future.
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1.1. Introduction

Light can be defined as radiant energy that propagates in the form of waves and
corpuscular particles. However, the interaction between human beings and light
generates a series of processes that lead to just as many disciplines, ranging from
physics, biology, anatomy and behaviour to well-being and architectural design,
including a multidirectional correlation between them.

What generates vision is, indeed, the intricate interaction between photons of light and
the ocular receptors within the human eye. And this is the science beyond the fact that,
for millennia, cultures and civilizations have linked light with symbolic and spiritual
meanings, shaping narratives, traditions, or artistic expressions. Nowadays, light and
vision play a central role in architecture, going beyond mere functional necessities to
become essential components of design and human experience, since it is able not only
to illuminate spaces, but also to shape them interacting with their form and textures,
changing the perception of spaces and evoking emotions within occupants, thus
characterising an environment. Beyond visual aspects such as aesthetics, the quality and
distribution of light profoundly influence human well-being, affecting circadian
rhythms, mood, and productivity. Architects therefore use light as a versatile tool,
exploiting its inner properties to design environments both visually appealing and

generally beneficial for occupants.

In this first chapter of the thesis, the issues of light as a physical phenomenon and its
interaction with the human organism, which can generate both visual and non-visual
effects, are explored in depth.

21
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1.2. Understanding Light as a Physical Phenomenon

Light radiation has a dual nature: corpuscular and undulatory. This statement
dates back to the 17t and 18" centuries, when two theories of light, still in use today,
were formulated: C. Huygens proposed his Undulatory theory in 1678, according to
which light is transmitted and behaves as longitudinal waves; while, in his 1704 volume
"Opticks: Or a treatise of the reflections, refractions, inflections, and colours of light", I. Newton
proposed a model of propagation of light in rectilinear motion in the form of corpuscles.

The wave theory was later deepened by the Scottish physicist J.C. Maxwell in
1870 who specified that light is a wave of electromagnetic nature. Two studies were the
precursors of Maxwell's four electromagnetic field equations: in 1820, the physicist H.C.
Orsted carried out an experiment in which he observed that a wire carrying an electric
current generated a magnetic field. In 1831, M. Faraday wanted to study the relationship
between these two phenomena and did so by placing an electric circuit in a magnetic
field and varying the strength of the field: an electric current was generated in the circuit.
Conversely, in 1861, Maxwell noticed how variations in the electric field produced a
magnetic field. This correlation, combined with the two observations that: light travels at
the same speed as electromagnetic waves, which is 3 -10® m/s in a vacuum?, and is a
transverse’ wave, just like electromagnetic waves, led to the electromagnetic wave
theory, according to which light consists of electromagnetic waves.

At the beginning of the 20th century, since the electromagnetic theory couldn't
explain the phenomenon of photo electric effect, Plank introduced an innovational
concept according to which energy isn't emitted or absorbed continuously but in specific,
through countless of “pockets of energy”, indivisible units known as Quantum. Building
on this, Einstein, in 1905, defined these energy packets as photons. Nowadays, the
understanding is that photons display a dual nature: behaving as particles in case of
higher energy and as waves in lower energy areas.

il

('c-rp-hnll.n theory Wave-theorv Osantum thoory

Figure 1.1. Corpuscular and undulatory and quantum theories, a visual simplification.

" The speed of light was already known in 1851, when the French physicist Hippolyte Fizeau was able
to calculate it in moving water, thereby providing evidence for the wave theory of light.

2 Waves can be classified as either transverse or longitudinal based on whether the direction of
oscillation is parallel or perpendicular to the direction of propagation. Longitudinal waves, like sound
waves, results from successive compressions and rarefactions of the medium. In a transverse wave
the direction of oscillation and of propagation are perpendicular to each other. Transverse waves are
all electromagnetic waves, such as light, X-rays, or radio waves.

23
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Characteristics and properties of light radiation

In general, to describe purely optical phenomena such as diffraction, reflection,
refraction, scattering, and more, the wave theory can be used.

In this case, light is depictable as sinusoidal curves quantifiable using:

Wave Period (T): Time needed for two successive crests to pass a specified point;
Wavelength (A): Distance between adjacent crests. In the case of visible light, the
wavelengths are expressed in nanometres (nm), units of 10° m. The metric used
to represent the wavelength is expressed through the greek letter lambda A;
Width: Difference between maximum (crest) and minimum (trough) values;
Frequency (f): Number of complete oscillation cycles occurring in each second,
measured in hertz [Hz]. Frequency is inversely proportional to the period.

E /T
E CREST AMPLITUDE
& REST
p POSITION
=
z N\
7
! Time (8]
I
|
TROUGH ; WAVELENGTH
I
<4 >
OSCILLATION OVER A

PERIOD

Figure 1.2. Wave properties (Personal manipulation of the Wave Definitions Image from
“thescienceandmathszone.com?™).

Electromagnetic radiation is normally composed of radiation of different
wavelengths and is caused by the simultaneous propagation of periodic perturbations of
an electric field and a magnetic field oscillating in mutually orthogonal planes.

Characteristics and properties of light radiation

Understanding light as a physical phenomenon

~.4 Dircction of
propagation

Figure 1.3. Magnetic and electric field of a light photon.
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Theoretical background

Light as a form of electromagnetic radiation takes part in the electromagnetic spectrum,
that represents the totality of electromagnetic radiation.

The electromagnetic spectrum is traditionally divided into a number of spectral ranges
that differ in the techniques used to analyse the radiation: X (XR), 0.001 nm to 1 nm;
Ultraviolet (UV), 0.001 um to 0.4 um; Visible (V), 0.4 um to 0.7 um; Near-InfraRed
(NIR), 0.7 um to 3.0 um; Mid-InfraRed (MIR), 3.0 um to 30 um; Far InfraRed (FIR), 30
um to 1 mm; Millimetric, 1 mm to 10 mm; Microwave (MW), 10 mm to 1 m; Radio, 1 m
to 10 m” (Palladino, 2018).

Light is the portion of the spectrum between 380nm and 750nm.

£ INCREASING ENERGY
INCREASING WAVELENGTH .
00001Inm  0.1nm 10nm 10000nm 0.0lcm lcm 1m 100m
1 1 1 L 1 1
GAMMA RAYS X-rays uv INFRARED RADID WAVES
_,———_'_'_F — —
_,———'_'_'_ - T — —
e VISIBLE LIGHT ——
400mnm S500mnm Bnm F00mm

Figure 1.4. Electromagnetic and visible light spectra.

Moreover, other properties of light refer, for example, to its way of propagation:
when unobstructed, light propagates in a straight line (proven by how shadows form),
instead, it can be deflected in case of obstacles. This introduces the topic of the
interaction between light and matter. Said interaction results in a series of phenomena:
absorption, diffraction, scattering, interference, polarisation, reflection, refraction,
transmission®.

Optics

The discipline that studies light as a luminous phenomenon, its characteristics
and properties and the interaction between light and matter, is optics, whose etymology
comes from the Greek word optiké (tékhné), meaning the art of visual things.

3 Discussed in more detail in the following section.

25
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Optics

Understanding light as a physical phenomenon

Radiometric quantities

26

As previously described, four different optical models have been developed
through the years to describe the complex nature and countless phenomena associated to
light: the ray model, the wave model, the electromagnetic model and the quantum
model. Each refers to one of three branches of optics: geometric optics - which studies
optical phenomena by assuming that light propagates in straight lines; physical optics -
which exploits the wave-like character of light as electromagnetic radiation; and
quantum optics - which describes light and its interaction with matter according to the
postulates of quantum mechanics®.

In brief, different models refer and explain different interactions between light and
matter, as an example, taking the case of the ray model, a ray incident on a surface
produces three phenomena: absorption, reflection and transmission.

Incident radiation
Reflection

M Absorption

Transmission

Figure 1.5. Incident radiation split into reflected, absorbed and transmitted components.

Radiometric quantities are physical quantities describing a series of phenomena
related to the emission and propagation of electromagnetic waves, thus related to energy
per time, the most important of which are Radiant Emittance (M), Radiance (L),
Irradiance (E).

These quantities and the laws that led to their theorisation have their origin in the
fundamental blackbody theory:

“A blackbody is defined as an ideal body that allows all incident radiation to pass
into it (zero reflectance) and that absorbs internally all the incident radiation (zero

transmittance).” °

4 Quantum mechanics is a scientific discipline about the behaviors of matter and light at the atomic
and subatomic levels. It focuses on properties and interactions of fundamental particles such as
electrons, protons, neutrons, and more complex entities like quarks and gluons. This study explains
how these particles interact with each other and with forms of electromagnetic radiation, including
light, X-rays, and gamma rays. (Squires L.G., 2023, "quantum mechanics", Encyclopedia Britannica,
https://www.britannica. com/science/quantum-mechanics-physics).

5 Encyclopedia of Physical Science and Technology, Third Edition, 2003.



The black body is useful as a theoretical model because it is a perfect emitter: in simple
terms, the energy it absorbs is equal to the energy it emits. This concept has been
fundamental to the development of physical laws such as the Stefan-Boltzmann law
(which allows us to understand the relationship between the energy emitted and the
temperature of a black body) and Wien's law (which describes the density of emitted
energy as a function of wavelength).

e .

o il

T=12000K °, T=6000E. T=3000K
W as0nm'  A_.-500nm A_~100nm
L ’

o e

Intensity of radiation

o

0 250 500 1000 1500 2000
favelength A [nm]

Figure 1.6. Visualisation of Wien's Law: relationship between wavelength and radiation intensity.

¢ Radiant Emittance (M): represents the radiant flux emitted by a body, measured
in watts [W]. To limit the analysis on the visible spectrum, the value of Radiant
Spectral Power Density (MA) is adopted, whose curve indicates the amount of
each radiation present in a given light; objectively characterising the chromaticity
of a light, not considering the subjective feeling of a possible observer.

e Radiant Intensity (I): is the radiant flux emitted by a point source in a conoid of a
unit solid angle, the axis of which points in a given direction. The SI unit for
radiant intensity is the watt per steradian (W/sr).

e Radiance (L): the radiant flux (W) is the amount of radiant energy emitted,
transmitted, or received per unit time, radiance is then the radiant flux density
emanating from a surface per unit solid angle [W/m?sr]. The radiance within the
visible spectrum is referred to as the spectral radiance (LA).

e Irradiance (E): Irradiance is the density of radiant power per unit area. Its version
dealing with the visible spectrum is spectral irradiance (EA).

27

sayyuvnb origauoIpYy
uouwdwoudyd eorsAyd e se jy3iy Surpuesiapun




Understanding light as a physical phenomenon
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Light is a form of energy and, as such, is produced by a source. According to their
origin, light sources can be categorised in a binomial way; natural light sources and
artificial light sources.

Natural light sources, on earth, are limited to the sun. The sun belongs to the
spectral class of yellow stars (also labelled as G2), a classification based on surface
temperature, since, similar to a black body, it has a temperature of the emitting layer
around 5800K; approximately 99% of solar radiation emerges from this layer®. The
spectrum of solar radiation, an energy in the form of electromagnetic waves, is between
230 and 4000nm, emitting in both the visible and non-visible spectra, with a specific
repartition corresponding to 7% ultraviolet radiation, 40% visible radiation and 53%
infrared radiation’, and emitting continuously at each wavelength in the visible. Dealing
with the interaction between the sun and the earth, it is essential to acknowledge the
celestial vault; the sun's radiation, in fact, as it passes through the earth's atmosphere, is
split into three components: reflected, absorbed and diffused. Diffusion is due to the
composition of the celestial vault containing oxygen and nitrogen molecules.

Solar spectrum (sun al noon)

Ly
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Figure 1.7. Solar emission spectrum.

One of the main characteristics of natural light is the fact that it is dynamic, not
controllable. This characteristic is due to several factors including the position of the sun,
both on the celestial vault and in relation to the observed surface and its orientation, as
well as differences in sky conditions, the air moisture content that affects its diffusion,
etc. The solar radiation incident on earth varies by the hour, day and year due to the
inclination of the earth's axis and its rotation.

Modern artificial light sources are all the result of the development of
technologies capable of transforming electrical energy into a luminous flux. A
classification of electric light sources is based on their generative technology and the
characteristics of the emitted radiation; in this context, the most relevant are
incandescent, fluorescent and LED sources.

8 (Coddington et al., 2016).
7 (Degl’Innocenti, 2008).



The functioning of incandescent lamps is based on the Joule effect: an electric current
passing through a conductor causes its heating. While fluorescent lamps are based on the
concept of transforming ultraviolet radiation into visible radiation. In numerical terms,
lifetime and efficiency are the main values in which large differences can be identified
between the two types of lamps: an incandescent lamp emits an average of 1000 hours as
opposed to the 60000 hours of a fluorescent lamp. Similarly, the efficiency of an
incandescent lamp is approximately 12 Im/W?, which is very low, in contrast to that of a
fluorescent lamp which can exceed 120 Im/W8, considered as particularly high.

Incandescent source spectrum Fluorescent source spectrum
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Figure 1.8. Incandescent source spectrum. Figure 1.9. Fluorescent source spectrum.

LEDs are based on electroluminescence, the emission of light from a semiconductor
carried by electricity. Depending on the composition of the semiconductor (which may
consist of zinc selenide, gallium phosphate, aluminium, arsenic, etc.) different emissions
corresponding to different colours occur; the chip of a power led consists of several
layers of doped semiconductor (i.e. with impurities added to change its conductivity
properties) designed to maximise the emitted flux. The specific properties of LEDs have
enabled their widespread use and asserted them as the primary option in the field; in
particular thanks to the luminous efficiency which can be as high as 200 Im/W?, long
lifetime and its flux decay, and extremely low power consumption and versatility.

LELY source spectrum

LD
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Figure 1.10. White light LED source spectrum.

8 (Palladino, 2018).
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1.3. Interaction between Light and Humans
Introduction

Light has always been a fundamental element of human existence, taking part in
countless aspects of life. First and foremost, light facilitates vision, granting us the ability
to perceive the world around us and to navigate it by interpreting our surroundings.
Beyond mere sight, light plays an indispensable role in sustaining life itself, as it is the
basic element for photosynthesis, the process by which plants exploit the energy coming
from the sun to convert carbon dioxide and water into oxygen and glucose: the basis of
the food chain and therefore our sustenance. Light is also able to affect our well-being,
regulating circadian rhythms and influencing mood and productivity. Beyond these
physical-biological aspects of the interaction between light and humans, thinking about
disciplines related to art, culture and spirituality, we realise how light actually shapes
and is indispensable to each of them. Thus, from nourishing our bodies to balancing our
wellbeing, light is an essential element in almost every aspect of human life.

Referring only to the scientific side of human perception, researchers P. Boyce
and M. Rea have come up with an intuitive and conceptual scheme taking account both
the visual system, the circadian system and the perceptual system and displaying how
light can influence human performance through them:

Figure 1.11. A conceptual framework setting out the routes by which lighting can influence human
performance. The arrows indicate the direction of the effects (Boyce and Rea, 2001).
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Visual effects of light on humans

The visual system
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1.3.1.Visual Effects of Light on Humans
The visual system

The visual system is the detector that transforms radiant power into luminous sensation.
“Hence, one may say that a burning candle emits radiation, but that the radiation does
not become light unless a human perceives it” (Sterken & Manfroid, 1992). (Schreuder,
2008)

Several anatomical structures interact in the visual system in order to activate the
process that converts photons of light into electrical signals, which the brain then
translates into representations of our surroundings.

Left visual Right vizual
field — !’ieﬁ’d

Masal retina

Optical lens

Temporal Temporal
retina = R retina
Eye
Optic nerve
Optic chiasma
Lateral
Pretectal ——————— geniculate
nucleus nucleus (LGN}

Primary
visual
cortex

Figure 1.12. Visual pathway (Personal manipulation of A simplified schema of the human visual pathway by
Miquel Perello Nieto, 2015).

Specifically, in humans, the primary visual cortex, a layered structure of neurons within
the cerebral cortex, is the initial area responsible for processing visual information,
which travel along a pathway connecting the retina to the brain. Such information come
from the retina’s light-sensitive elements, rods and cones, to the optic nerve, formed by a
bond of axons. At the optic chiasm the nerve fibres cross over to the opposite hemisphere
so that each half of the visual field is processed by the opposite side of the brain.
Thereafter, at the end of the optic tract is located the lateral geniculate nucleus (LGN) of
the thalamus which refines visual signals prior to their transmission to the cerebral
cortex; the primary visual cortex then serves to integrate given inputs from both eyes,
creating a map of such visual inputs in the brain.
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Figure 1.13. Eye anatomy (Personal manipulation of Diagram of the human eye in English. It shows the lower
part of the right eye after a central and horizontal section by R.H. Castilhos and J.Marchn, 2007).

The eye is the sensory organ that allows vision in the organism. It is possible to
subdivide the organ into three concentric layers, a first fibrous layer containing the
cornea and sclera, a central vascular layer housing the iris and choroid, and an inner
neural layer belonging to the retina. Another subdivision consists of the anterior and
posterior chambers, the anterior chamber includes fundamental elements such as the
lens, which concentrates and focuses thanks to the contraction of muscles and the pupil
that regulates the brightness of the image that arrives upside down on the retina.
Instead, the vitreous humour, a transparent fluid that occupies the space in between the
lens and the retina, is located in the posterior chamber

Within the visual process, the retina plays a fundamental role as it contains a receptive
field, in other words, it is entirely covered by a surface of photoreceptors. However, the
retina's wiring is made up of 50 distinct cell types® arranged on eight successive levels. In
the outer layer epithelial cells called pigments serve to absorb light. The photoreceptor
layer, outer nuclear layer and outer plexiform layer contain the photoreceptors rods and
cones, their nuclei and their synapses with interneurons. Such interneurons of various
kinds are found in the inner nuclear layer and their synaptic elements are confined in the
inner plexiform layer. The ganglion cell level contains, as its name indicates, ganglion
cells, the output-containing cells of the retina. Finally, the ganglion cells, which are
composed of neurons, axons and synapses, constitute the optic nerve through the
connection of said axons, this part of the retina is called optic nerve layer.

9 (Masland, 2001b).
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Figure 1.14. Retina structure (Personal manipulation of Layers of the retina from “doctorlib.info”).

Of this entire system, a key role is played by photoreceptors, a mosaic’® of cells
distinguished in cones and rods that take on different functions in translating the light
signals to be transmitted to the brain.

Cone Kod
]
|I:I
= Disks —_—
a=‘= | ——
— . )
Chuter ent — —
Segmy — Cytoplasm ——=
] I—
Cytoplasmatic |———
5 'm'?zpml::irnnen_:'E
| —
_|—|
Cnnmclmg =
21 cilium
@— Mitochond n:.t

Inner segment |'\ Nudeua
||( k. '
Synaptic terminal / f”!?_lf!;%

Figure 1.15. Photoreceptors (Personal manipulation of Schematic diagram of vertebrate rod and cone
photoreceptors by Rick H. Cote, 2006).

0 (Schnapf and Baylor, 1987).




Cones and rods are responsible for mediating photopic and scotopic vision, respectively.
Rods are highly sensitive to low-intensity light, making them crucial for vision in dim
conditions, or scotopic vision. They show low visual acuity and do not contribute to
colour vision. In contrast, cones function optimally under bright conditions and are
responsible for photopic vision; moreover, cones provide high visual acuity and enable
colour perception. The structure of these photoreceptors is specialized for their
functions; rods contain the pigment rhodopsin and are designed to operate in low light,
while cones, with their three types of pigments sensitive to different wavelengths, are
adapted for daylight and colour detection. Both photoreceptors function by
hyperpolarising in response to lighting stimuli.

M
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Figure 1.16. Photopic (yellow) and scotopic (blue) curves.

However, as mentioned in the previous section, the human visual system is only
sensitive to a very narrow range of frequencies on the electromagnetic spectrum; portion
called visible spectrum and delimited between the values of 380nm and 780nm. The
human eye therefore perceives the individual radiations within this range as different
colours because each radiation corresponds, through the visual system, to a different
colour sensation. The radiation that reaches the eye can be monochromatic, containing a
single wavelength, or polychromatic, or a combination of several wavelengths in the
visible spectrum; the latter is the reason why humans are able to distinguish shades of
colour, as well as white, grey and black (although these do not correspond to a single
wavelength). This is because the eye is a synthetic instrument that receives a series of
wavelengths and synthesises them into a single perception.
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Figure 1.17. Monochromatic radiation. Figure 1.18. Polychromatic radiation.
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The purpose of photometry is to measure light in a way that takes the sensitivity of
human visual system into account. While radiometry measures light in all spectral
regions, including ultraviolet and infrared, photometry only measures in the visible
spectral region from 360 nm to 830 nm, where human eyes are sensitive. Thus,
photometry is essential for evaluation of light sources and objects used for lighting,
signaling, displays, and other applications where light is intended to be seen by humans.
(C. Miller, Y. Zong, Y. Ohno, 2009)

In contrast to the radiometric quantities, specific for energy but not capable of
declining according to the sensitivity of the human visual system, photometric quantities
weight the radiated energy in the visible spectrum according to the spectral sensitivity
curve of the human eye. For this reason, each radiometric quantity corresponds to a
weighted photometric quantity: what in optics is the spectral radiant emittance (MA), in
photometry is the luminous flux (®); the same applies to spectral irradiance (EA) and
illuminance (E) and explains the correspondence between spectral radiance (LA) and
luminance (L).

Energy quantities weighed according to the photopic sensitivity of the human eye are:

e Luminous flux (®): luminous flux is the time rate of flow of radiant energy,
evaluated in terms of a standardized visual response [Im]'".

¢ Luminous intensity (I): It is the luminous flux per unit solid angle in a specified
direction, measured in candela [cd].

e Illuminance (E): Again, starting with the fundamental luminous flux, the
illuminance represents the areal density of the luminous flux incident at a point
on a surface; it is measured in lux [Ix] and is formulated as: E=d®d/S™.

¢ Luminance (L): Luminance applies to any specific surface and depends on its
physical characteristics and the position of the observer. It defines the luminous
intensity emitted or re-emitted by a surface in a given direction and quantifies the
luminous impression on the observer. Luminance is considered fundamental for
glare assessment. Its unit of measurement is the candela/square metre [cd/m?].

In ancient times, the phenomenon of light was simply assessed through the eyes
of an observer and quantified by comparation between different light sources or the
luminances of different surfaces. The first example comes from astronomical
photometry: the Commentary on Aratus and Eudoxus of the Greek astronomer and
mathematician Hipparcus (190-120BC) who catalogued the stars of different
constellations by comparing their brightness. This took a turn with the invention of the
telescope, through such instrument stars could appear a lot brighter than what was
previously assessed.

™ ANSI/IES LS-1-22, Lighting Science: Nomenclature And Definitions For Illuminating Engineering.



It was, however, at the middle of the 19t century that Steinheil, Zollner and Pickering
invented what are considered the most important visual comparative photometers. Late
into the 19t century scientist began to experiment through photocells of the first kind, or
photovoltaics, and of the second kind, or photoconductive. Anyway, interest in these
elements was soon lost as it was diverted to photoelectric cells, also referred to as
photocells of the third kind; these cells detected photoelectrons released when certain
elements absorbed light and then measured using a sensitive electrometer®®, allowing
researchers in astronomical photometry to identify the brightness variations of stars.
Thanks to photography at the beginning of the 20t century two photometric systems,
each specifically sensitive to a different predominant wavelength, were already largely
used; subsequently to the 9th General Assembly of the International Astronomical Union
(Dublin, 1955) came the standardization of two-colour photometry. The development of
the earliest photomultiplier tubes (PMTs) led to the possibility to count individual
photons, being able to “convert light into an electrical signal” **. This discovery was one
of the key events that gave rise to modern photometry, where today's sensors known as
detectors (or photocells) transform incident electromagnetic radiation into a
corresponding electrical signal, measuring light radiation more precisely.

The fundamental measuring instruments for current photometry will be analysed below:

e Luxmeter: The luxmeter is used to measure illuminance and is based on a
photoelectric cell that generates an electric current proportional to the
illuminance received by the instrument.

e Photometric bench: The photometric bench is the instrument capable of
providing luminous intensity values of an unknown source using a reference one.

¢ Goniophotometer: Another instrument used to measure light intensity is the
goniophotometer. Equipped with a photocell, it is used by taking several
measurements of illuminance at different distances from the light source; given
the values of illuminance and distance, the light intensity is calculated.

e Ulbricht's sphere: This interesting instrument, consisting of a concave metal
sphere, larger than the light source to be measured by placing it inside, allows the
light flux to be measured. Its operation is based on the principle that the source,
placed inside the sphere, produces a series of reflections that result in a constant
illuminance on all points of the sphere's surface; from the illuminance value, the
flux value is obtained.

e Luminance meter: The luminance meter consists of a photoelectric cell and an
optical system that projects the image of the surface to be measured onto the
surface of the cell, providing the luminance value of that surface.

2. A photoelectron is an electron emitted when electromagnetic radiation, such as light, hits a
material (the process itself is called photoelectric effect).

3 “An instrument for detecting or determining the magnitude of a potential difference or charge by
the electrostatic forces between charged bodies”. In: Collins English Dictionary, HarperCollins
Publishers, (https://www.collinsdictionary.com/dictionary/english/electrometer).

4 (Flyckt et al., 2002).
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Focus: Visual dominance

Visual effects of light on humans

Statistical studies indicate that humans perceive with hearing at a rate of 12%,
touch and taste at 2%, smell at 3%, and sight at 83%; of what has been perceived the
memory records 20% of what has been heard and 40% of what has been seen®. These
findings introduce the topic of visual dominance:

An interesting 2019 investigation by Professor F. Hutmacher of the University
of Regensburg, Germany, on research related to sensory perception noted that the
sense of sight plays a more prominent role than the other four human senses. With
the support of a previous research on the same topic by Gallace and Spence (2009),
he was able to produce a statistic on the number of studies focusing on the five
human senses and their correlation with memory, finally providing extremely
comprehensive graphs on the distribution of research in the field.
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Fig. A: Number of Studies Until 2007 Fig. B: Number of Studies Since 2008

“The number of studies on the different sensory modalities published until the end of 2007 is
depicted in panel (A); the number of studies on the different sensory modalities published since
the beginning of 2008 is depicted in panel (B).”

After evaluating both the subjective and empirical importance of the different
sensory modalities, Hutmacher argued that “vision is first of all our most important
sensory modality, but also the most complex”, due to the fact that a larger part of the
human neocortex is dedicated to visual processing than to other sensory functions.

The same topic has been addressed from different perspectives in other studies. A
research on the macaque neocortex revealed that a significant 54% of it is dedicated to
processing visual information, while only a 3% is specialised in auditory processing, for
example'®. Another study estimated that the number of sensors, afferents and amount of
information transmitted is significantly higher for vision than for any other sense in

humans?’.

5 (Posner, 1967).
8 (Van Essen et al., 1991).
7 (Zimmerman, 1989).
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1.3.2.Non-Visual Effects of Light on Humans

Light, as previously discussed, is fundamental to vision, activating the visual
organs and their components to create the perception of images. However, it also plays
crucial non-visual roles, influencing a range of physiological phenomena through
mechanisms distinct from image formation, often referred to as “non-image-forming
responses” or “non-visual effects of light”. Such non-visual effects of light regulate the
human internal circadian clocks, synchronized with the 24-hour environmental cycle,
and thus affect a myriad of physiological functions. In fact, while natural illumination
serves as a reliable indicator of the time of day, aligning the internal circadian clock with
the external environment, artificial lighting in modern environments has disrupted this
relationship, leading to potential misalignments of circadian rhythms and associated
physiological processes and thus enhancing the need to study the non-visual.

In detail, the term “non-visual” includes a variety of light-induced effects, such as the
regulation of circadian rhythms, melatonin suppression, pupillary constriction, increased
heart rate, modified core body temperature and stimulation of cortisol production.
Additionally, light acts as a neurophysiological stimulant, helping to maintain a state of
alertness and readiness in humans and mammals in general. One of the most significant
non-visual responses, however, is the light-induced phase resetting of endogenous
circadian clocks, which are intrinsic to nearly every physiological, metabolic, and
behavioural system. The process of synchronization between light-dark natural cycle
and the human body’s circadian rhythm is known as photoentrainment. Physically, the
eye retina processes light information through dedicated pathways involving
intrinsically photosensitive retinal ganglion cells (ipRGCs), these cells then transmit light
signals to brain regions responsible for regulating circadian rhythms and other
physiological functions.

This section will explore the mechanisms by which light influences non-visual pathways,
the role of ipRGCs and the resulting impacts on human health and behaviour. At last, an
analysis about the researchers approach to define metrics for such non-visual effects is
carried out.

As previously described, the retina of the eye presents an entire surface of
photoreceptors which allows the perception of visible light waves. However, within the
ganglion-containing region of the retina, additional rare photosensitive neurons have
been identified and designated as intrinsically photoreceptive retinal ganglion cells
(ipRGCs), which drive non-visual behaviours. As they belong to the class of retinal
ganglion cells (RGCs) they differ significantly in both form and function from the
photoreceptors rods and cones; they express a unique photopigment, melanopsin, as
well as having a completely different connective structure, since they project to various
brain regions influencing circadian and homeostatic functions, including the sleep-wake
cycle, pupil movements, core temperature and emotional aspects.



Firstly, in terms of its structural composition, ipRGCs cells are neuronal cells and, as
such, present the typical structure of a soma (the central part containing the nucleus),
minor fibres that ramify from it called dendrites, an axon and its axon terminal. The
dendrites of the ipRGCs cells are sparsely distributed, irregularly shaped and extend
over long distances. In general, the field formed by all the dendrites of this type of
neuron is the largest known in primate RGCs cells'®. Given the heterogeneity of the
ipRGC population, these neurons have been further categorised according to their
"dendritic morphology, melanopsin expression, gene expression, and central projection
locations"*®. This has led to the identification of six main types of ipRGC in primates,
which have been codified as M1 to Mé.
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Figure 1.19. Intrinsically photosensitive retinal ganglion cells (ipRGCs) structure.

With regard to the functioning process, ipRGCs work through the expression of a
photopigment called melanopsin, named from the dermal melanophore cells of frog skin
in which it was first isolated®. Discovered by Provencio and colleagues, melanopsin
belongs to the class of opsin photopigments, which include rhodopsin and cone-opsin
for rods and cones; consequently, it is structurally and functionally similar to all known
opsins, which are molecules working as sensory receptors that detect light and, through
chemical transduction, generate a biological signal. The expression of melanopsin is,
then, the key through which ipRGCs achieve their photoreceptive capacity, since the
protein distributes throughout the cell membrane and is found both on the dendrites and
the soma; additionally, a small portion of it can be localized in the axon, resulting in a
relatively weak photosensitivity of it. As ipRGCs are the sole cells expressing
melanopsin, and vice versa, melanopsin is only present in such neurons, the cells can
also be found with the designation of melanopsin cells or melanopsin RGCs.

'8 (Do & Yau, 2010).
% (Berry et al., 2023).
20 (Provencio et al., 1998).
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Melanopsin is particularly responsive to short wavelengths, or the blue portion of
visibile light, and its action spectrum shows a peak at approximately 480 nanometres.
When such light interacts with the human system, intrinsically photosensitive ganglion
cells respond to it by depolarising, i.e. firing nerve impulses at a higher rate, which
appears to be the opposite of the hyperpolarisation observed in the visual photoreceptor
cells; they also differ regarding the velocity of such light response, where rods and cones
have a fast hyperpolarisation, while ipRGCs show a slow reaction. Sensitivity to light
levels is another distinguishing feature between photoreceptors*?’; rods have high
sensitivity to low light levels, cones have moderate sensitivity and are involved in color
vision, while ipRGCs have low sensitivity to light, which suffices for their role in
detecting ambient light levels for non-visual functions. In the light spectrum rods are
most sensitive at 555nm, cones show a peak at around 510nm while ipRGCs, depending
on melanopsin, are most sensible at 484nm?*, to be exact.

A 484; (507 155 Photopic
' ST Scotopic
= pRGC
300 380

78(
Wavelenght (nm)

Figure 1.20. Sensitivity curves of rod (photopic), cones (scotopic) and ipRGCs cells (pRGC).

The receptive fields of these photoreceptive cells also vary: rods and cones have very
small receptive fields, allowing for high spatial resolution and detailed vision, while the
receptive fields of ipRGCs are very large, which suits their function of measuring overall
light intensity rather than detailed images. The inputs of ipRGCs come primarily from
bipolar and amacrine cells, with contributions from rod-cone photoreceptors, with
whom they synapse through the dendrites. Whereas, ipRGCs, being ganglion cells,
connect and send outputs directly to numerous brain regions.

The dominant projection site of ipRGCs, connected through the retinohypothalamic tract
(RHT), is the suprachiasmatic nucleus (SCN) of the hypothalamus, known as the master
circadian clock; the SCN, in fact, coordinates circadian rhythms by synchronizing the
body's internal clock with the external light-dark cycle. This pathway ensures that the
SCN receives consistent light information expressed by the melanopsin photopigment.

21 (Brainard et al., 2001).
22 (Rea et al., 2002).
2 (Berson et al., 2002).
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Figure 1.21. Schematic representation of ipRGCs major and minor connections, suprachiasmatic nucleus
(SCN) connections and olivary pretectal nucleus (OPN) connections in different brain regions of a mouse.
(Personal manipulation of Schematic summary of brain regions and circuits influenced by intrinsically
photosensitive retinal ganglion cells (ipRGCs) by David M. Berson, 2003 and of Intrinsically Photosensitive
Retinal Ganglion Cells by Michael T. Hoang do and King-Wai Yau, 2010).

In regard to other major targets, ipRGCs project to the intergeniculate leaflet (IGL),
another important centre for circadian entrainment. The IGL modulates the signals
received by the SCN, contributing to the fine-tuning of circadian rhythms. Together, the
SCN and IGL act as irradiance detectors, integrating light signals to maintain stable
entrainment to environmental light conditions. The olivary pretectal nucleus (OPN) is
another fundamental target of ipRGCs, the OPN is essential for the pupillary light reflex,
which adjusts pupil size in response to light intensity. This reflex helps protect the retina
from excessive light and optimizes visual function. The pathway includes synaptic
connections in the Edinger-Westphal nucleus (EW), ciliary ganglion (CG), and iris
muscles (I), ensuring a rapid and efficient response to changes in light. Minor targets of
ipRGCs include the ventrolateral preoptic nucleus (VLPO), involved in sleep regulation,
and the ventral sub-paraventricular zone (vSPZ), a portion of the subparaventricular
zone of the hypothalamus (SPZ) that is densely connected to the suprachiasmatic
nucleus, with which it performs circadian regulation functions. These areas contribute to
diverse non-visual responses, including modulation of mood, alertness, and body
temperature. The ipRGCs also projects to a weaker extent to the perihabenular nucleus
which is implicated in mood regulation. Furthermore, ipRGCs influence the regulation
of melatonin release, an hormone of the family of neurotransmitters, secreted from the
pineal gland (P). This polysynaptic circuit involves projections from the SCN to the
paraventricular nucleus (PVN) of the hypothalamus, the intermediolateral nucleus (IML)
of the spinal cord, and the superior cervical ganglion (SCG). Light information processed
by this pathway modulates melatonin secretion, thereby regulating sleep-wake cycles
and seasonal behaviours.
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In summary:

These ipRGCs are a morphologically and physiologically heterogeneous population that
project widely throughout the brain and mediate a wide array of visual functions ranging
from photoentrainment of our circadian rhythms, to driving the pupillary light reflex to
improve visual function, to modulating our mood, alertness, learning, sleep/wakefulness,
regulation of body temperature, and even our visual perception. (Aranda & Schmidt,
2021)

Ultimately, dealing with the structure of the non-visual system and its connections,
further clarification on the suprachiasmatic nucleus and its definition as the human
biological clock is necessary: the SCN, indeed, operates as an internal pacemaker that
synchronizes the body's daily cycles with the 24-hour environmental light-dark cycle by
secerning hormones, regulating core temperature and human sleep. Actually, the SCN
intrinsic period does not correspond exactly to the duration of the solar day*, however
this is compensated by its synchronization through sensory inputs of light from, again,
the ipRGCs. Interestingly, the rhythmic activity of the SCN is evident even at the cellular
level, SCN neurons exhibit circadian patterns of electrical activity, and these rhythms
persist even when the neurons are cultured in isolation outside the body®. For these
reasons, it is considered to be responsible for the generation of circadian rhythms,
working as a leader in the hierarchy of circadian organization of the body and
modulating peripheral clocks in various organs, including liver, pituitary gland, heart,
and kidneys.
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Figure 1.22. Scheme of the circadian hierarchy.

24 (Richter, 1971).
% (Takahashi et al., 1980).




Circadian cycle

The circadian cycle, also known as circadian rhythm, derives its terminology
from the Latin words circadian, meaning “around”, and diem meaning “day”, since it
represents the physiological oscillations of the body repeating every 24 hours, with slight
variations. Such physiological processes regulate a variety of body functions, as
previously discussed in relation to the connections between the suprachiasmatic nucleus
and the different organs. These include the sleep-wake cycle, a series of hormonal
secretions, body temperature, the meal pattern connected to appetite and body digestion,
and so on. Actually, it can be stated that, when analysing the human body, almost every
organ and tissue has its own circadian rhythm, and their combination defines the
circadian cycle.

The main zeitgeber®, or external clue, for this cycle is light. In particular, daylight is able
to properly synchronize the human biological clock. Daylight is, in fact, a dynamic
source whose characteristics of intensity and colour temperature?” vary throughout the
day, caused by the sun's position in the sky. Following a clear pattern, the colour
temperature of daylight shifts from warm hues during dawn and dusk to cooler, neutral
tones at midday.

Intensity

Figure 1.23. Light colour intensity variations during the day. (Personal manipulation of A schematic
representation of light color and intensity change using Human Centric Lighting by Vizulo, 2022).

% “Zeitgeber: It is a term derived from the German words Zeit, time, and Geber, giver. It was adopted
by Jirgen Aschoff, one of the fathers of modern chronobiology, to indicate any type of signal capable
of modifying the phase of an endogenous biological oscillation and thus synchronising the biological
clock that generates it with the external environment. In nature, for a majority of organisms on earth,
the most important and most effective Zeitgeber is undoubtedly light and its cyclical variations™.
From Enciclopedia della Scienza e della Tecnica, R. Costa (2008).

27 Color temperature is a physical quantity associated with the hue of light, or more precisely, an
index that measures its chromatic appearance. It is expressed in degrees Kelvin (K) and,
conventionally, certain ranges have been defined in which light temperature is referred to as warm,
between 2700K and 3500K; neutral, corresponding to the range from 3500K to 5000K; or cool when
greater than 5000K. (Coakley, 2022).
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The variation in the colour of sunlight across the day is a consequence of light scattering
when passing by minuscule particles in the atmosphere. This scattering process, or
dissipative process, is influenced by the Sun's angle relatively to the horizon; depending
on this angle, light is dispersed in different directions, which results in certain
wavelengths being deviated and consequently not reaching the observer's eye®.

In response to such changes in light intensity, sensed by its ipRGCs photoreceptors, the
suprachiasmatic nucleus sends inputs to the hypothalamus and pituitary gland, among
others, prompting the secretion of cortisol and melatonin, respectively, hormones of
crucial roles in regulating wakefulness and sleep. Cortisol, often referred to as the "stress
hormone" is produced in the region of the adrenal cortex and works by increasing blood
sugar levels, providing energy, and enhancing the immune system”; however,
prolonged high levels of cortisol can lead to exhaustion and inefficiency. Cortisol follows
a diurnal pattern, with levels peaking in the morning, to help the body wake up and
activate for the daily functions, and gradually decreasing throughout the day, reaching
their lowest point around midnight. This arousal hormone, in fact, is significantly
activated in the presence of blue light (the most sensitive light to melanopsin.). On the
contrary, melatonin production is stimulated by darkness and inhibited by light,
particularly in the blue wavelength range, yellow and orange light also contribute to
melatonin production. Melatonin is secreted primarily by the pineal gland in the brain
but is also found in the retina, lens and gastrointestinal system®. This hormone works by
inducing sleepiness and enabling relaxation. Melatonin is considered as the key
regulator of the sleep-wake cycle but not only, since its receptor have been found in
numerous organs such as the primate adrenal gland and the kidney?*, for example.

Belative
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Figure 1.24. Cyclic variation of cortisol and melatonin hormones. (Personal manipulation of Double plot of
typical daily rhythms of body temperature, melatonin, cortisol, and alertness by Wout van Bommel, 2004).

This hormonal balance ensures that that circadian rhythm is maintained, allowing for
optimal daytime alertness and nocturnal rest, promoting overall well-being.

28

Vizulo, 2022).

van Bommel & Beld, 2004).
Zamanian et al., 2013).
Koch, 2009).
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Figure 1.25 illustrates a typical human circadian cycle. However, numerous factors,
including seasonal and daylight variability, as well as individual differences, can result
in slight variations in the timing of this cycle between individuals, yet without
disrupting it. The concept of chronotype (also called circadian pattern) fits into this topic:
unlike the circadian cycle, synchronized primarily by environmental cues, a chronotype
refers to an individual's natural sleep preferences and tendencies®. It has a significant
genetic component, but it can also be influenced by age, lifestyle, and environmental
factors. For instance, individuals with an early chronotype, also known as "morning
people," tend to have a more conventional circadian cycle, as the one illustrated.
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Figure 1.25. Human circadian system. (Personal manipulation of Human Circadian Rhythm schematic
diagram by Vizulo, 2022).

In addition to the circadian cycle there are other biological rhythms, which can be
classified according to duration: it is possible to distinguish the Diurnal®, a cycle
referring to night and day, the Ultradian of less than 24 hours, the Infradian or
Circalunar ruling over 1 month and, finally, the Circannual corresponding to 1 year.

32 (Chauhan et al., 2023).

3 “The term diurnal is used to refer to rhythms that cycle once daily. Circadian rhythms are diurnal
rhythms based on endogenous, cyclic events that occur approximately once each day. To be
classified as circadian, a diurnal rhythm must be synchronized to environmental cues, but not driven
by them.” (Clifton & Steiner, 2009).
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isruption of circadian cycle and

The advent of electric lighting and the fact that people spend an average of 90%** of their
time indoors, with little or no opportunity to interact with daylight and its spectrum, has
the potential to trigger hormonal secretion processes, causing their deviation and
consequently disrupting the circadian cycle. Also, nighttime exposure to artificial light, is
one of the crucial factors in the disruption of the circadian cycle in humans®. In general,
both light exposure but also eating habits and other environmental cues are able to
maintain or disrupt biological rhythms®*. A disruption on the circadian cycle can cause
behavioral, health and psychiatric consequences”. There have been countless studies in
this field over the past decade, the following is a list of the results obtained after
analysing the positive and negative influence of light on humans:

J Seasonal Affective Disorder (SAD) is a depressive disorder that recurs
annually in patients, predominantly in the winter period, and then decreases
or disappears in the spring and summer months, due to the variation in
daylight exposure®.

. Artificial Light At Night (ALAN) has been demonstrated to suppress the

natural secretion of the sleep-supportive hormone melatonin, increase sleep
onset latency (SOL), and enhance alertness. Additionally, it has been shown to
impair cardiometabolic function®#. Addressed also by the World Health
Organization which was the first to suggest long-term shiftwork being a
carcinogen*'. On the contrary, more daytime light exposure can reduce the
alerting and sleep-disruptive impact of evening/nighttime light exposures®.

34
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. The presence of low daylight levels has been demonstrated to delay the onset
of sleep and sleep quality, furthermore it increases inter-individual
differences in sleep timing*#4. This is happening more and more commonly,
consequently, being sleep essential for health, performance and wellbeing, the
prevalence of sleep pathologies has reached alarming proportions, with an
estimated 70 million individuals in the United States alone affected®. Some of
these pathologies are the_Shift Work Disorder (SWD), the Delayed Sleep
Phase Disorder (DSP) and the irregular sleep-wake rhythm disorder. While
travelling through different times zones, for example, entails a possibility of

Jet Lag Disorder.

. Evening types report poorer sleep quality and higher levels of work-related
fatigue than morning types*.

. Individuals with a later chronotype and greater social jet lag have been found
to exhibit a higher prevalence of depressive symptoms?.

o While individuals who spend more time outdoors during the day are at a
reduced risk of developing depression over the course of their lifetime?.

. In general, disruption and misalignment of circadian rhythms have been

linked to adverse effects on mood, sleep, and a range of other physiological
functions, including cardiovascular, reproductive, metabolic, and immune
processes® 0,

. Specifically, exposure to blue light at night, through both an illuminating
system but also mobile devices and laptop monitors, leads to a sudden
decrease of melatonin levels, disrupting the circadian rhythm resulting in
difficulties related to falling asleep and daytime sleepiness®.

. The presence of light at night has also been demonstrated to negatively
impact wild organisms and the functioning of ecosystems®.

Having recognised that all these problems are due to incorrect exposure to light or to a
specific spectrum of it, light itself has been used as a treatment for countless disorders,
such as non-seasonal depression, menstrual-cycle-related problems, bulimia nervosa,
and cognitive and fatigue problems associated with senile dementia, chemotherapy and
traumatic brain injury®, also, extending the photoperiod with bright artificial light has
been shown to induce an antidepressant effect™.

43 (Papatsimpa et al., 2021).
4 (Wams et al., 2017).

45 (Roenneberg, 2013).

¢ (Martin et al, 2012).

47 (Levandovski et al., 2011).
8 (Burns et al., 2021).

4 (Choetal., 2015).

50 (Bedrosian et al., 2016).
51 (Filipovi¢ et al., 2023).

52 (Irwin, 2018).

5% (Lucas et al., 2014).

54 (Rosenthal et al., 1984).
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As discussed, the human body and a variety of its functions are regulated
through a series of biological rhythms, or cycles, working as an internal clock, due to the
fluctuation on light and temperature caused by the rotation of the Earth around its axis
approximately every 24-h. The science that studies these phenomena and the human
responses to it is chronobiology, a discipline that has both extremely ancient origins and
is still evolving today.

Chronobiology is a relatively new name for a very old subject. It is the discipline which
involves investigation of biological rhythms occurring in some prokaryotes and in all
eukaryotes from fungi to humans [...]. The most ubiquitous of these rhythms are the
circadian rhythms which are also called biological clocks. (Chandrashekaran, 1998)

An history overview:
Ancient observations & 18" and 19" Centuries: Initial Scientific Interest

Although it is know that ancient populations® observed how both plants and
animals presented patterns leading to regularly timed cycles; the subject of biological
rhythm was firstly addressed in the 18" century, firstly in 1729 in a research conducted
by the French scientist Jean-Jacques d'Ortous de Mairan who studied a 24-h periodical
pattern in nature, where the leaves of a mimosa lowered and rose cyclically through 24-h
even in absence of light***’” even though not realizing the implication of this discovery; a
few years later Carolus Linnaeaus made a ‘flower clock’, or Horologium Florae as he called
it in his Philisophia Botanica (Vienna, 1751), in which he catalogued a series of flower
species based on the time they opened and closed their petals.

Early 20" Century: Formal Recognition

In the early 20th century, scientists from different fields started conducting
controlled experiments to study biological rhythms systematically; key discoveries
included the identification of circadian rhythms, of approximately 24-hour cycles, in
various organisms, from plants to humans. In this short paragraph, the European and
American research binomial is illustrated, in which different theories and timeframes
eventually led to a univocal conception.

5% “The first recorded circadian rhythm was for the sleep movements of the leaves of the tamarind
tree by the Greek philosopher Androsthenes when he joined Alexander of Macedon in his march on
India in the fourth century BC.” (Chandrashekaran, 1998).

56 (Wulund, Reddy, 2015).

57 D'Ortus de Mairan observed that the mimosa plant, beyond being a heliotrope -naturally tilting
towards the position of the sun-, exhibited another intriguing behavior: its leaves would drop at
nightfall and go back up during the day. De Mairan then thought of placing a mimosa plant inside a
dark cupboard to explore its reactions without light. Upon periodic checks, he noticed the plant's
leaves continued their rhythmic opening and closing, as if mimicking its own day and night. Even in
the absence of natural light, the plant's leaves still wilted during its 'night' and got up during its 'day'.
This experiment revealed that the mimosa had an internal rhythm or rather, a biological clock.
(Foster, Kreitzman, 2014).



European studies

From the second half of the 19th century from the mid-20th century onwards,
particularly in Germany and in general across all Europe, almost every branch of biology
started to emphasise the researching on biological rhythms. Some of the most prominent
European exponents and researchers in this field were, for instance, German botanist
Wilhelm Pfeffer (1845-1920) pioneer in the study of plant physiology®® and of interest for
his laboratory, “built at the University of Leipzig nearly 100 years ago, which even by today's
standards was modern and state-of-the-art. That [...] had rooms with automatic switching to
provide alternating light and dark periods, including simulation of dawn and dusk conditions”*.
German biologist Julius Sachs (1832-1897), in his seminal monograph “Experimental-
Physiologie der Pflanzen” (Experimental Physiology of Plants) (1865), demonstrated that
the rhythmic of the opening and closing of the flowers is influenced by two components:
a hereditary one securing a rhythmically running movement, and a controlling one that
fixes the beginning of the rising-lowering-cycle®. Another researcher on the topic,
although being a physicist, Jagadish Chandra Bose (1858-1937), born in India, who
studied and became a researcher in England, thoroughly observed and experimentally
studied® the plant's tropic movements, including photonastic® responses and the
day/night rhythmic movements of petals and leaves, providing great scientific
publications about daily movements in relation to light and darkness. Or again Dutch
botanist Antonia Kleinhoonte (1929) investigated the periodicity in leaf movements and
pointed out the synchronisation, in plants, with light-dark cycles®. Eventually, Erwin
Biinning and Kurt Stern in 1930 studied, at the Botanical Institute of the Universitit Jena,
plants under constant temperature conditions and a specific light cycle and proved that:
“This experimental setting secured that the movements of the plants were indeed
autonomous, i.e. controlled by an endogenous rhythmic, that is itself regulated by the
extern signal light. As soon as the control is discontinued, the length of the period
diverges significantly (dependent on species and individual) from the 24 hours, so that it
must be talked about a circadian rhythmic”®.

American belief

Concurrently, in the United States, biological rhythms became a popular subject
in physiology only around sixty-seventy years ago®, this was mainly caused by the
previously widespread acceptance of the Homeostasis theory (Bernard, 1878; Cannon,
1939)%%-%7, stating that:

%8 Britannica, The Editors of Encyclopaedia, (2023), "Wilhelm Pfeffer", Encyclopedia Britannica.
%% (Chandrashekaran, 1998).

80(Sengbusch, 1996-2004).

81 (Chandrashekaran, 1998a).

52 Movements induced by light.

8 (Kein, 2007).

54 |bidem.

% (Sollberger, 1971).

56 (Cannon, 1939).

7 (Bernard, 1878).
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Homeostasis is the in-built tendency of a living organism to maintain stable equilibrium
among its internal components while interacting with the external environment.®

This concept holds that living organisms possess self-regulating mechanisms to assess
their stability: when such stability is disturbed, these mechanisms react to the deviations
in order to establish a new equilibrium. Implying, therefore, that internal rhythms may
not exist. This belief finally changed thanks to new studies coming from advancements
in cybernetics on the real nature of homeostasis (that can be found, in particular, in “An
introduction to Cybernetics” (1958) by W.R. Ashby, “Cybernetics” (1961) by N. Wiener or
“Regulation and Control in Living Systems” (1966) by H. Kalmus); experts realized that
both mechanical and biological systems often work with rhythmic patterns, and talking
about biochemistry, are controlled through enzymes or hormones.

Mid to Late 20" Century: Advances in Understanding

Dr. Franz Halberg®®, Nobel Prize in Physiology and Medicine’s multiple nominee
and among the founders of modern chronobiology, coined in 1959 the term “circadian”,
coming from the Latin words circa (about, approximately) and dies (day, 24h); circadian
refers, in fact, to oscillations of 24h periodicity™.

The year 1960 stands as a crucial moment in the history of chronobiology: in the State of
New York is held the XXVth edition of the Cold Spring Harbor Symposia on
Quantitative Biology”' around the topic of “Biological Clocks”. Organized by Professor
Arthur Chovnick, pioneer of modern genetic analysis in higher organisms, the
symposium was attended by 150 scientists, practically everyone in the field at the time,
who contributed to the shaping of subsequent discoveries concerning the cellular and
molecular mechanisms of biological clocks and “signalled the beginning of the modern

age in thythm research”72.,

Figure 1.27. Photos of the 1960 Symposia. Courtesy of Cold Spring Harbor Laboratory Archives, New York.

% (Marks, 2015).

% Franz Halberg is seen as the leader of the school of thought generally labelled “chronobiology”;
70 (Eckel-Mahan, Sassone-Corsi, 2013).

7 (Witkowski, 1960).

72 (Chandrashekaran, 1998).



These were the years where the development of tools like continuous monitoring devices
and genetic techniques revolutionized chronobiology. The turning point was, in fact,
reached in the 1970s when the suprachiasmatic nucleus (SCN) was identified in the
brain, as part of the anterior hypothalamus, and considered as the primary biological
clock in mammals, regulating circadian rhythms. The experiments leading to this
discovery, published in 1972, showed that if that area was damaged, a loss of circadian
rhythms was observed: the discovery of the SCN happened, in fact, simultaneously by
two separate laboratories led by Robert Y. Moore (University of Chicago) and Irving
Zucker (University of California,Berkeley), stating that the Suprachiasmatic Nucleus
serves as a significant circadian pacemaker in rodents (Moore et al., 1971-1972) and
subsequently in other mammals (Moore, 1973). Moore's interest in the SCN originated
from his studies on monoamines, leading to the identification of the retinohypothalamic
tract (RHT), a visual pathway to the hypothalamus. On the other hand, Zucker and Fred
Stephan were exploring how light and circadian rhythms influence neuroendocrine
functions. Both research groups showed that perception of light by circadian system is
independent from the neural routes in the brain that process visual information; and
converged on the SCN as a critical component of the circadian system, concluding that
its destruction disrupted rhythmicity”.

Late 20" to 21+ Century: Interdisciplinary Growth

However, the SCN is not the only thing that controls the biological clock: its
discovery as a pacemaking structure came before the application of genetic approaches™
to the topic, introduced by Konopka and Benzer on Drosophila in 19717 and by Dunlap
and Feldman regarding Neurospora in 1988’%; their techniques, such as genetic screens in
model organisms and molecular biology approaches, were fundamental to prove the
series of network of genes, proteins and feedback loops’’ governing circadian rhythms.

7% (Weaver, 1998).

74 (Menaker, 2007).

75 Konopka and Benzer study aimed to understand the genetic basis and mechanisms causing
circadian rhythms in Drosophila melanogaster (fruit flies). Because of their short lives, thus fast
generational replacement, researchers performed genetic screens on them, identifying mutant flies
with altered circadian rhythms, all mutant rhythms appeared to come from mutations in a single
functional gene located on the X chromosome. This study's findings show that multiple genes are
responsible for circadian rhythms. (Konopka, Benzer, 1971).

76 Dunlap and Feldman aimed to understand how protein synthesis can affect circadian rhythms of
Neurospora crassa, to set up the experiment, the researchers used various concentrations of
cycloheximide (CHX) to inhibit protein synthesis and observed its effects on the circadian rhythms of
different Neurospora types, which were measured based on spore formation patterns and other
characteristics. Analysing the results, it was seen that most of the Neurosporas showed significant
phase shifts in response to CHX, except for the frq-7 mutant, meaning that its circadian rhythm is
less affected by protein synthesis inhibition. This imply that specific proteins or enzymatic activities,
rather than their synthesis rates, might play crucial roles in maintaining the circadian rhythm.
(Dunlap, Feldman, 1988).

77 Feedback loops are biological mechanisms that help maintaining homeostasis, ensuring stability
in the organisms.

57
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Subsequently, timing mutation were studied in hamsters (Ralph M. and Menaker M.,
1988), mice (Vitaterna et al., 1994) and other strategies were applied to discover clock-
genes “in both prokaryotic and eukaryotic systems, including cyanobacteria, fungi, plants,
insects, and mammals. Even human rhythms are potently altered by clock gene mutations (Jones
et al. 1999)""

In general, the end of the 20th century and the beginning of the 21st century saw, in a
multi-disciplinary approach, an interrelationship between chronobiology and other
disciplines such as genetics and neuroscience, whose advances in the field have enabled
scientists to understand the genetic and molecular mechanisms that drive biological
rhithms.

Latest discoveries, Implications and Applications

Over the last 20 years the field of chronobiology and circadian rhythms has seen
great developments in understanding the molecular mechanisms previously discussed,
as well as introducing health implications and societal impacts regarding biological
clocks. On the developments of molecular biology, despite the identification of 'clock-
genes' for many years now, emerging evidences in recent years support the claim of an
interaction between circadian system and redox homeostasis” of the cell. How this
correlation works was explained by Lisa Wulund and Akhilesh B. Reddy from the
Department of Clinical Neurosciences at the University of Cambridge:

Circadian rhythms [...] are orchestrated by a network of core ‘clock genes’ that are
organised into transcription—translation feedback loops (TTFLs), producing oscillations
with a period of approximately 24h. The modern understanding of circadian timekeeping
has revolved around the TTFL paradigm. Recently, however, this has been challenged by
new findings that redox reactions persist in the absence of gene transcription, and that
cycles of oxidation and reduction are conserved across all domain of life. These results
suggest that non-transcriptional processes such as metabolic state may interact and work
in parallel with the canonical genetic mechanisms of keeping circadian time.®

Following this discovery, researchers have been able to further investigate on a new
pathway, moving away from the dogmatic and centered view related to the circadian
clockwork. However, research into the relationship between circadian and redox systems
is still in its early stages and many questions are still unanswered.

78 (Kuhlman, Craig, Duffy, 2018).

7® Cellular redox homeostasis is a process able to balance oxidation-reduction reactions in a cell or
organism (commonly known as redox reactions, they involve the transfer of electrons: the loss of
electrons makes a cell or organism oxidized, while the gain of electrons labels it as reduced), in this
way it regulates a series of biological responses in the organism. Redox homeostasis ensures that
the cellular environment remains stable by regulating the levels of reactive oxygen species (ROS) and
antioxidant defences, in fact, when the system detects shifts in those levels it can adjust the
metabolic functions in charge. Imbalances in redox homeostasis can lead to oxidative stress, which
is associated with various diseases such as cancer, cardiovascular diseases and neurodegenerative
disorders.

8% (Wulund, Reddy, 2015).



——> gene ——> mRNA ——> protein ——> n;ﬁg:'iliid —

Transcription-translation feedback loop (TTFL)

Figure 1.28. Schematic workflow of TTFL. (Personal manipulation of Schematic summary of The
Transcription-Translation Feedback Loop (TTFL) by J.C. Leloup, 2009).

Today: Broad Applications on various disciplines

Moreover, thanks to the extensive knowledge gained about the biological
mechanisms that govern our circadian rhythms, nowadays it has been possible to apply
it on various fields and understand its implications. As an example, the impact on health
is certainly the most widely discussed issue: disruptions on circadian rhythms can be
linked to various health issues, including sleep disorders®, neurodegenerative
disorders®, mood disorders®®** and even certain types of cancer®. Notably
developments regarded also technological aspects that, such as genetic editing tools like
CRISPR-Cas9, have enabled researchers to manipulate genes related to circadian
rhythms. As well as medical treatments as in Chronotherapy®®. And, with particular
reference to recent years, has encountered numerous studies dedicated to the application
of artificial light in architecture and design, as it has been discovered how blue light
greatly impacts circadian systems®’; this has led to the development of disciplines such
as integrative lighting and human centred lighting; on top of that, an attempt is being
made to quantify the impact of light on biological rhythms so that design
recommendations can be made (although this will be dealt with in more detail in other
sections).

Considerations

In summary, chronobiology has evolved from ancient observations to a scientific-
driven and sophisticated interdisciplinary field, offering broader implications for health,
behaviour, and well-being.

Boubekri et al, 2020).

Abbott, Malkani, Zee, 2020).

Lazzerini Ospri, Prusky, Hattar, 2017).

Walker et al. 2020).

% (Meng, 2023).

8 “Chronotherapy, a medical treatment, aims to restore the proper circadian pattern of the sleep-
wake cycle, through adequate sleep hygiene, timed light exposure, and the use of chronobiotic
medications, such as melatonin, that affect the output phase of circadian rhythms, thus controlling
the clock.” (Cardinali, Brown, Pandi-Perumal, 2021).

8 (Wahl et al., 2019).

81(
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84(
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Melanopic quantities

The influence of light on non-visual responses requires to be quantified, both for
researchers and designers in light and architectural fields. To do so, specific quantities,
also referred to as circadian metrics, addressing the sensitivity of the non-visual system
are needed. As previously mentioned, the discovery of intrinsically photosensitive
retinal ganglion cells (ipRGCs) and the photopigment melanopsin has revolutionized the
understanding of how light influences human biology. In particular, melanopsin, the
photopigment found in ipRGCs, is particularly sensitive to blue light with a peak
sensitivity around 480 nm?®. Moreover, “the established photometric quantities used to
describe brightness and luminous sensation as perceived by humans do not adequately reflect the
spectral sensitivity of any melanopsin-dependent responses to light”®, since accounting for
rods and cones sensitivity.

Hormone Photopigment Metric
MELATONIN MELANOPSIN MELANOPIC
* Hormone secreted in the brain ¢ Type ot photopigment belon- + Moetric that quantifics the
by the pineal gland; ging to a large family of light non-visual responses to light.
+1t's an indolamine, a family of sensitive retinal proteing called

neurotransmitters. OPSINS, (code Opnd):

. * The photopigment of ipRGCS;
¢ Transduces light for the non
visual system, communicaling
informations to the SNC.

MELATONIN is controlled by the activation
of the MELANOPSIN photopigment

Melanopic ED is an intermational standard

mietric for the impact of light on melanopsin

Figure 1.29. Melatonin, Melanopsin and Melanopic. Description and correlations of terms.

To understand the correlations between such elements: melanopic suppression by
monochromatic light is predominantly driven by melanopsin, and it can be initiated at
extremely low melanopic lux levels. Moreover, being melanopsin highly sensitive to blue
light, this sensitivity is taken into account in melanopic metrics.

A first attempt in defining a suitable metric occurred in 2013, when a group of
researchers were able to weight irradiance in accordance with the sensitivity of five
opsin proteins (melanopsin, rhodopsin, S-, M- and L-cone opsin)®, a system
subsequently approved by the CIE and partially included in the CIE publication S
026:2018. Although Lucas et al. model permits the calculation of all a-opic illuminances,

8 “Blue light is also called high energy visible light (HEVL) because it has rays of the shortest
wavelengths, but also of the highest energy in the whole spectrum of visible light” (Filipovi¢ et al.,
2023).

8 (Brown et al., 2022).

9 (Lucas et al., 2014)



the circadian response is assessed exclusively through the melanopic one, given the
dominant role of melanopsin-expressing ipRGCs in the circadian phototransduction
process. Originally, this quantity was designated as EML (Equivalent Melanopic Lux),
being the product of photopic illuminance and melanopic ratio:

EML =E - MR
Where:

Melanopic content
= -1.218

"~ Photopic content

EML unit is melanopic lux (sometimes indicated as m-lux), which is not a standard unit
of measurement. In fact, EML, being an equivalent a-opic illuminance, cannot be
expressed in lux. The lack of a clear and official unit can lead to confusion and
inconsistencies in reporting and interpreting such lighting measurements. This
parameter therefore required improvement, which was made and published by the
International Commission on Illumination in “CIE S 026/E:2018 - CIE System for Metrology
of Optical Radiation for ipRGC-Influenced Responses to Light”. The new proposed metric was
defined as melanopic Equivalent Daylight Illuminance (abbreviated in mel-EDI) and
can be described as following: “Given a specific source, the mel-EDI is the photopic
illuminance at the eye due to D65 radiation required to obtain the same ipRGCs stimulus as the
considered source. Therefore, the mel-EDI is expressed in lux (Ix)”°!, thus complying with the
SI International System of Units. To calculate mel-EDI values, melanopic Daylight
Efficacy Ratio (mel-DER) is needed:

mel-EDI = E- (mel-DER)
Where:

Melanopic Luminous Efficacy of Test Light Source
mel — DER =

Melanopic Luminous Ef ficacy of D65

The principal difference between the EML approach and that of the CIE S 026 lies in the
illuminant employed for the calculations; the CIE standard employs the CIE standard
illuminant D65 (with a correlated colour temperature of 6500 K), whereas the
methodology proposed by Lucas et al. utilises an equal energy source illuminant. In any
case, as the EML and mel-EDI are based on the same calculation model, the mel-EDI can
be readily obtained by multiplying the value of EML by 0.9058%, furthermore MR is a
scalar multiple of mel-DER and can be obtained by multiplying it by 1.103%.

This approach has been endorsed by both the CIE and the WELL Building Standard,
each of which has recommended specific values of such metrics. With the difference that
the CIE employs melanopic equivalent daylight D65 illuminance (m-EDI), while the
WELL Building Standard utilizes equivalent melanopic lux (EML).

9 (Bellia et al., 2023).
%2 (Englezou & Michael, 2023).
98 (Esposito & Houser, 2022).
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As an alternative to the proposed metrics, Circadian Stimulus (CS) and Circadian Light
(CLA) were developed to address a multi-photoreceptor approach, since researchers
recognize that not just ipRGCs but also other visual photoreceptors, like rods and cones,
contribute to light-induced melatonin suppression. Both being calculation procedures
based on a published mathematical model of human circadian phototransduction,
proposed by Rea et al in 2005. In brief, CLA measures the light reaching the eye, adjusted
for how sensitive the human circadian system is to different wavelengths of light, based
on how much it suppresses melatonin after one hour of exposure. While, CS, which
ranges from 0.1 to 0.7, indicates how effective this light is at suppressing melatonin®.

At present, popular metrics for “circadian illuminance”, such as equivalent melanopic
lux (EML) and melanopic equivalent daylight D65 illuminance (m-EDI), are based solely
on melanopic illuminance. In support of this Brown's 2019 research article can be cited,
where several studies are analysed to determine the most appropriate metric to quantify
and predict the non-visual effects of light. The studies concerned melatonin suppression
in subjects with dilated pupils or undilated pupils, circadian phase resetting in humans,
alerting responses and sensitivity range of melanopsin. In conclusion, it was recognised
that all these phenomena in most cases are entirely accounted for by melanopic
illuminance, even though it being a simplification of underlying biology: “presently
available data indicate that for most commonly encountered real world simulations [...]
melanopic illuminance provides a robust predictor of non-visual responses with widespread
utility”®, making melanopic illuminance the best available predictor for responses of the
human circadian system. However, doubts have recently been raised about the
suitability and accuracy of such metric. Indeed, the melanopic illuminance approach
excludes the contribution of visual photoreceptors, making it a simple approximation for
a complicated problem. This raises questions about whether melanopic light levels are
sufficient to predict circadian effects of light alone. Recent studies addressing these
concerns have analysed, for example, the contribute of S-cone related cyanopic
illuminance to light-induced circadian responses, finding positive feedbacks®.

In the context of design practice, architects and lighting designers must consider five
primary characteristics of light radiation that influence both visual and non-visual
responses to light, such as intensity, spectrum, photic history and the temporal pattern of
exposure, which encompasses both the time of exposure and its duration. Where
“intensity refers to how much light is received in the retina, whereas the light source spectrum
refers to the amount of spectral irradiance at each wavelength within the visible spectrum. The
timing of exposure regards the time of day or different seasons throughout the year during which
an occupant is exposed to the light source. Duration is about how much time someone is exposed
to the light source, and photic history is mainly about the different light exposure someone had

9 (Busatto et al., 2020).
% (Brown, 2020).
% (Huang et al., 2023).



before being exposed to a specific light source”®”. These are the variables that can be managed
when designing a lighting system.

Traditional measuring tools are capable of measuring melanopic illuminances,
such as the spectrophotometer, which should normally be positioned 1.2m above the
ground for measurements on a vertical plane, to simulate the view of a user sitting at a
workstation, for example.

Employing inappropriate spectral composition and intensity of light can pose a risk to
human health®, this is one or the reasons why another fundamental measurement tool in
this field is the spectroradiometer, able to measure the Spectral Power Distribution (SPD)
of light sources, which outputs a graph of the energy levels of a light source measured
through different wavelengths.

Melanopic metrics, however, require specific measuring instruments as visual and
circadian systems respond very differently to optical radiation and in general show
extremely different characteristics such as the circadian cycle displaying a considerably
higher threshold and requires much longer exposures for activation. Additionally, it
exhibits a peak spectral sensitivity at a wavelength that is much shorter than that which
is optimal for the activation of the visual system. Of particular importance is, then, the
differential sensitivity to light at different times of day®. For these reasons, in 2005,
Bierman, Klein and Rea developed a prototype for a new device called Daysimeter, for
circadian dosimetry. “The Daysimeter is a light-weight, headmounted device that records
radiation exposure estimates for both the visual and circadian systems, and is specifically designed
for field use. In addition to logging spectrally weighted radiation measurements, it records head
position and motion to be utilized as a representation of human circadian activity” 1.

Moreover, circadian metrics, as opposed to photopic metrics, have the particular feature
that they require longitudinal measurements, i.e. scanned in time. Longitudinal analysis
has the distinct advantage over cross-sectional analysis of examining how processes in
general evolve over time. This being the key reason why research is witnessing a
development in wearable light monitoring technologies. At the moment a wide range of
different technologies of light dosimeters exists on the market, like the Actiwatch
Spectrum, the MotionWatch, etc. Personal light exposure is usually measured with
lightweight wearable devices applied to glasses or watches, for instance!'.

Accurate measurements of melanopic variables are crucial for designing lighting
environments that support human health and well-being. Some tools are already reliable
while others still need development to address all the particular challenges posed by
non-visual responses and melanopic metric.

9 (Englezou & Michael, 2023).

% (Noor et al., 2023).

% (Bierman et al., 2005).

1 ipidem.

07 (Hartmeyer & Andersen, 2023).
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Integrative Lighting in Architecture
Introduction

Integrative Lighting, also known as Human-centric lighting, is a design approach
that aims to enhance indoor well-being by designing lighting systems that support both
physiological and psychological needs. This approach integrates natural and artificial
lighting to replicate the benefits of outdoor environments within indoor spaces.
Traditional lighting design has primarily focused on creating optimal visual conditions
to help individuals perform visual tasks efficiently, safely, and comfortably. However,
light has significant roles beyond vision, affecting human physiological and
psychological factors, which in turn influence performance and productivity'®?, the aim
of integrative lighting is to recognise these effects and comply with them.
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T T3 T T T 1 T

HMuminance I Luminance . doipnd
& 5 Spectral Lighting Lightin
: E Glare Power Daylight System T £
= | Muminance | | Luminance Distributi . Yarasecsi Control
- - 3 ! Istrniuixon HraclensiKs
2 || Uniformity | | ([Dastribation ==
a
: . VB . |
= " - ; Amount Adrtificial —_
E Flick Disability || Discomfort | Veiling — r It' | 1 . JI l"' " Daylighting
= Flicker 3 £ Spectrum | Lightin =
= = Gilare Gilare Reflections ! 5  Eing Control
= Light Control
5
g o
5 |
A . .
= Comelated || Colour Direct | | Licht
ig
Caloor Rendenng Indirect | g =
. r .| I Sounces
Femperatre Inclex Lighting| =
|
L 4
9 |
= 1
Acceptability - social : - .
i Visawal ) Visual R Circadian
& Loy Inleraction & Comfort Preferences Rhvihim Ageing
- iy T 1 F] NI L
< Sutisfaction : Conumamiication ’
B ' h 'y 'y B ) F ) F i
=-
: |
3 Visual & Seasonal
& ) : Mol Aesthetic :
Visability lask Arousal | Effect Iud\'m 1':| Evestrain Afffective
a =ilects DTN )
Performance = Disorders
] ] ] |
v 1 t t 1 t t t

HUMAN FERFORMANCE & PRODUCTIVITY

Figure 1.30. Visual and non-visual effects of the different characteristics of light. From: Viorel Gligor,
Luminous environment and productivity at workplaces. Thesis, 2004, Helsinki University of Technology.
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Integrative Lighting, in fact, acknowledges the non-visual or non-image forming effects
of light. These include regulating physiological processes such as hormone production,
influencing behaviour and mood, and maintaining circadian rhythms, which are critical
for managing alertness, concentration, and sleep. By combining the visual and non-
visual effects of light, Integrative Lighting aims to provide holistic benefits, supporting
both the visual requirements and overall well-being of individuals!®.

The purpose of this chapter is to explore the concept of Integrative Lighting as a means
of creating indoor environments that not only facilitate visual tasks but also promote
overall health and well-being, aligning with the evolving needs of modern society; but to
do so designers must adhere to specific reference values. While current standards
provide countless reference values for design practice to ensure all visual functions, the
parameters related to non-visual effects and their reference values are undergoing a
development in recent years, research has led to the definition of some protocols, but the
values are not yet present in any standards.

The current standards for lighting include a series of values, expressed in tables,
and recommendations that ensure visual performance. These standards enable people to
see and move around safely in environments, to perform visual tasks efficiently,
accurately, and without causing visual fatigue, and to create comfortable visual
conditions. In order to achieve this, it is important to pay attention to both the quantity
and the quality of light in the design, hence the introduction of several lighting
parameters. As instance, the European standard “EN-12464-1:2021, Light and lighting -
Lighting of workplaces - Part 1: Indoor workplaces”, provides a set of minimum values to be
observed in order to properly conduct visual tasks, according to the specific setting, such
as illuminance and its distribution on the task area and on the surrounding area. In order
to comply with the regulation in the design practice, the average illuminance should not
fall below the recommended values (in lux). As an example:

Parameter Standard Values

Hluminance EN 12464-1 500 Jux

(on work surface, Immediate surrounding

horizontal) illuminanee: 300lux
Background area
illuminance: 100lux

Figure 1.31. llluminance requirements in work areas.

A number of visual parameters have been defined at the national and international
levels, indicating the required range of values for each, to support design practice.

193 (Schlangen, 2022).
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INDIVIDUAL NEED

WELL-BEING

Muminance (horizontal) on task area

Muminance (vertical) on task area

Muminance (horizontal) on computer (keyboard, mouse)
Muminance for drawing

Muminance of immediate surroundings

Mluminance {vertical) on screens

Luminance ratio on the task arca (luminances on walls, ceilings, task planc)
Ceiling luminance

Maximum luminance from overhead luminaries

Maximum wall luminance

Maximum window luminance

Recommended surface reflectances

Specification of flicker-free light sources

Muminance uniformity on the task area

Discomfort Glare Rating

Discomfort glare in the case of use of Visual Display Terminals (VDT)
Control of reflected glare and veiling reflections

Possible specifications regarding lighting fixtures

Color rendering index (CRI)
Correlated color temperature (CCT)
Possible use of saturated colors

Possible use of color variations of lighte

View to the outside

Light quality through lighting modelling

Directional lighting

Biophilia hy pothesis (daylight) maximization)

Lighting quality / Aesthetics of space

Aesthetics of lighting equipment

Individual or programmed lighting and daylight control

NON VISUAL EFFECTS

Role of spectral power distribution

Daylight exposure through value of daylight factor
Daily exposure to daylight

Frequency of light (Hz)

UV(Ultra Violet) content of light

Infra red exposure associated to lighting

SOCIAL NEEDS

Cost, budget

User satisfaction (expressed by reduction of complaints)

Impact of lighting quality on productivity through reduction of failures,
higher satisfaction and less fatigue

Reduction of maintenance through improved quality of equipment
Impact of lighting on security issues

Trmrmact af hahbing an faaslineg Af eafaie
ATRERRCT O SEARINE ON ToDAng O Sy

ENVIRONMENTAL NEEDS

Reduction of power consumption for lighting through efficient light
sources and luminaries

Ability of lighting system to minimize peak load demand (use of daylight,
adjusted power consumption)

Lighting controls (use of daylight, use of occupancy sensors)

Reduction of harmonics and power losses in electricity distribution
networks Reduction of resources for making lamps (increased life of
SOUFCes)

Reduction of environmental impact {low production of pollutants)

Figure 1.32. Visual parameters and recommendations addressed in lighting standards. Inspired from:
Guidebook on energy efficient electric lighting for buildings, (2010), Edited by Liisa Halonen, Eino Tetri &

Pramod Bhusal.




Recent advancements in lighting science have highlighted the importance of
proper light levels in indoor lighting design to address non-visual responses. An
international expert workshop on circadian and neurophysiological photometry recently
published a set of light recommendations to best support such responses including
human physiology, sleep, and wakefulness within indoor settings'®. These
recommendations have been expressed through melanopic equivalent daylight
illuminance (mel-EDI), measured vertically at the eye level, aligning the detector
orientation with the dominant direction of gaze.:

o Daytime: The recommended minimum melanopic EDI is 250 lux. This level of
light exposure is necessary to support alertness, mood, and overall daytime
functioning.

. Evening: Starting at least three hours before bedtime, the recommended

maximum melanopic EDI is 10 lux. Lowering light exposure during this
period helps in preparing the body for sleep by reducing stimulation of the
ipRGCs.

. Sleep Environment: The sleep environment should be as dark as possible. The

recommended maximum melanopic EDI is 1 lux!%, and for situations where
some light is unavoidable (e.g., for safety or essential nighttime activities), the
maximum should be 10 lux.

These guidelines are intended for healthy adults aged 18-55 with a day-active schedule.
They are designed to complement, not replace, existing guidelines and regulations
related to visual function, comfort, and energy consumption. By incorporating these
recommendations, lighting design can achieve integrative solutions that address both
visual and non-visual needs. In the same text, researchers even provide highly needed
additional considerations and guidance to successfully accomplish integrative lighting
solutions'®. For example, it is recommended that daylight be given priority wherever
possible. In the event that this is not possible, a polychromatic white source with a
higher spectral irradiance in the short-wavelength part of the visible spectrum could be
used as a supplement'”.

The development of publications such as the CIE S 026 and WELL protocol is the first
step towards incorporating these non-visual considerations into lighting standards as
required values.

104 (Brown et al., 2022)

95 Earlier researches addressing the topic of defining recommendations held the belief that a
significant level of illuminance was required to suppress nocturnal melatonin in humans, with levels
as high as 2500 lux being considered necessary; later studies, however have demonstrated that,
under certain conditions as little as 1 lux or less can effectively suppress melatonin in humans.
(Lucasetal., 2014).

106 (Schlangen, 2022).

97 (Englezou & Michael, 2023).
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As mentioned above, the CIE supported the introduction of mel-EDI as the melanopic
unit of measurement and, in the international standard CIE S 026:20181%, listed its
recommended threshold values, quoting the guidance provided by Brown et al.: at least
250 Ix m-EDI throughout the day, a maximum of 10 Ix three hours before bedtime and a
maximum of 1 Ix during the night'®. (A thorough description of the CIE body and its
publications can be found in the fourth chapter of this thesis).

The WELL Building Standard consist of a document directed to design
practitioners aiming to overall health and wellbeing guaranteed by means of the built
environment. In order to achieve this, it gathers the best practices to be suggested,
identifying 100 performance metrics, design strategies, and policies that can be
implemented by the owners, designers, engineers, contractors, users and operators of a
building. This process includes the scientific and technical review of a huge body of
research to find the most critical discoveries about positive effects of spaces on
individuals. The first ever publication of the WELL protocol, referred to as the first
version or vl took place in 2014, as a result of 7 years of research, then revised 4 years
later in a second version, v2. Such versions of the WELL are organized into seven
categories of wellness, called “Concepts”, in the vl (Air, Water, Nourishment, Light,
Fitness, Comfort and Mind ) and ten categories or concepts in the v2, comprising Air,
Water, Nourishment, Light, Movement, Thermal Comfort, Sound, Materials, Mind and
Community. There are 110 individual features distributed across the ten concepts of the
second version, each feature is a specific, actionable item that contributes to achieving
the goals of its respective concept. Features are once again divided into parts, which are
more detailed requirements or actions necessary to fulfil the overall intention of the
feature. These parts are often tailored to different building types (such as commercial,
residential, or educational buildings) to ensure the applicability and relevance of the
standards across various environments.

The WELL Building Standard also contains a certification system, consisting of a points-
based system, with a total of 110 points available for each project, of which 100 points
come from the ten concepts and an additional 10 value the innovation of the project. The
levels of certification achievable are WELL Bronze, Silver, Gold and Platinum (the
highest equalling to a minimum of 80 points). On the topic of light, a project that
demonstrates an effective and integrative approach to lighting design can score up to 18
points.

18 The CIE S 026/E:2018 is an international standard developed by the International Commission on
Ilumination (CIE) that provides guidelines and metrics for assessing the non-visual effects of light on
humans. This standard introduced the melanopic equivalent daylight illuminance (mel-EDI), a new
metric that quantifies the illumination needed to stimulate intrinsically photosensitive retinal
ganglion cells (ipRGCs) similarly to daylight. But also defined the spectral sensitivity functions,
quantities, and metrics to describe the ability of optical radiation to stimulate each of the five
photoreceptor types that can contribute to retina-mediated non-visual effects of light in humans.

199 (Giovannini et al., 2023).
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AIR WATER NOURISHMENT LIGHT MOVEMENT

14 features 8 features 13 features 8 features H 12 features
4 preconditions 3 preconditions 2 preconditions 2 preconditions 2 preconditions
10 optimizations 5 optimizations 11 optimizations : 6 optimizations E 10 optimizations

o
THERMAL SOUND MATERIALS MIND COMMUNITY
COMFORT 5 features 14 features 15 features 16 features
Ltcatuies 1 preconditions 3 preconditions 2 preconditions 3 preconditions
1 precondftions 4 optimizations 11 optimizations 13 optimizations 13 optimizations

6 optimizations

Figure 1.33. The 10 WELL v2’s concepts and respective features. From: WELL Building Standard v2

The Light concept of WELL v2 “promotes exposure to light and aims to create lighting
environments that promote visual, mental and biological health, specifically providing a lighting

environment that reduces circadian phase disruption, improves sleep quality and positively
impacts mood and productivity”'?. The pivotal importance of incorporating Non-Image-
Forming issues into architectural practice is underlined by the first line of the text
dedicated to the concept of light in the WELL Building Standard v2, stating that "Light is
the main driver of the visual and circadian systems"'. WELL gives recommendations about

light over 9 topics:

1.

*

Light exposure: provided indoor through daylight and electric light design;
Visual lighting design: provide visual comfort and enhance visual acuity for
all users through electric lighting;

Circadian lighting design: support circadian and psychological health
through indoor daylight exposure and outdoor view;

Electric light glare control: minimize glare caused by electric light;

Daylight design strategies: provide daylight exposure indoors through
design strategies;

Daylight simulation: ensure indoor daylight exposure through daylight
simulation strategies;

Visual balance: create lighting environments that enhance visual comfort;
Electric light quality: enhance visual comfort and minimize flicker;

Occupant lighting control: provide individuals with access to customizable
lighting environments.

MOWELL Building Standard v2. Version Q1 2023. International Well Building Institute.

"1 1bidem.
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A series of recommendations are given along these themes, which also contain
thresholds to be accomplished, such as 218 Ix of melanopic EDI in case of electric light
only use, or 163 Ix with daylight presence, specifically if specific daylight criteria are met.
Important to note that such light intensities should be met for a minimum of 4 hours.

Here a schematic representation of the main recommendations in terms of values!'>:

1 point 3 points

* m-EDI > 136 Ix * m-ED| > 250 Ix

or or

* m-EDI = 109 Ix * m-ED| > 163 Ix

= 70% of all workstations within » 70% of all workstations within
4. 88m of glazing 4.88m of glazing

+ Light transmittance T, > 40% * Light transmittance T, > 40%

or or

* m-EDI = 109 Ix * m-ED| > 163 Ix

* average sDAy, og0, »75% of regularly » average sDA,,, 0o »75% of regularly
occupied floor area occupied floor area

Ligh! level must be present on the vertical plane af eye level for al least 4 houwrs (beginning by noon at the latest)

Figure 1.34. WELL recommendations in terms of circadian lighting. From Giovannini, L., Lo Verso, V. R. M.,
Valetti, L., Godoy Daltrozo, J., & Pellegrino, A. (2023, settembre). Integrative lighting in offices: results from
field measurements and annual daylight simulations. https://doi.org/10.25039/x50.2023.0P016.

In addition, threshold values have also been defined for the Circadian Stimulus (CS)
metric developed by Rea and Figueiro, found in “Model for Human Circadian
Phototransduction proposed by the LRC”. Again, the values are distributed over the
different times of the day, such as in the CIE recommendation, and consist respectively
of a Cricadian Stimulus value of 30% for daytime hours, a threshold pre-sleep 3 hours
before habitual sleep corresponding to 10% and finally a CS value in the sleeping
environment of 0%"3.

Conclusions

To achieve integrative lighting, a designer must balance lighting strategies to meet both
visual requirements and non-visual recommendations. This involves carefully designing
both electric lighting and daylight through reliable strategies. The result of such
integration would consist in creating environments that support both the visual and non-
visual needs of occupants.

"2 (Giovannini et al, 2023).
13 (Rea et al., 2005).
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2.1. Introduction:

In recent years, the field of lighting design, including its research component, has
experienced a significant shift towards integrative lighting solutions that consider both
the visual and non-visual effects of light on human well-being. Given that integrative
lighting is a relatively new area of focus, it is essential to understand the methodologies
employed in current research. This literature review aims to investigate the methods used
in integrative lighting studies, examining how recent research is structured, including the
approaches taken to evaluate both visual and non-visual effects of light and the metrics
and measurement techniques utilized. The general idea is to systematise the different
research methods by comparing a selection of studies, as well as relating them to one

another and identifying potential areas for further methodological development.

“The increased interest in the acute and circadian effects of light made it necessary to create
a standard template for research approaches since many variables can be included, such as
physiological or psychological processes, environmental factors or person-related.”
(Englezou & Michael, 2023)
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2.2. Method

2.2.1.Data sources

In the initial phase of the literature review, the search was conducted across three
major academic databases: ScienceDirect, Scopus, and ResearchGate, between the end of
January and the beginning of February 2024. The decision to use these specific databases
is driven by the following reasons: the large number of publications they offer, the
simplicity of the search settings, the offer of “open access” papers and their scientific-
technical approach.

2.2.2.Study selection

This second phase involved formulating the input criteria for the database
interface. Firstly, the search strategy consisted of a rigorous selection of terms, such as
"integrative lighting", "measurements", and "melanopic", that could summarise the aim of
the research and provide a broad selection of articles. Specifically, the combination of
keywords used in all three databases was as follows: "(integrative lighting) AND (melanopic)
AND (non-visual effects)) AND ((simulations) OR (measurements) OR (recommendations))

AND ((lighting standards) OR (well) OR (cie))".

To maintain focus and relevance to the specific objectives of the research and thus to
provide an overview of the current state of research, one of the selection criteria was a
specified timeframe, ranging from 2022 to 2024. This relatively narrow timeframe helped
to achieve a balance between comprehensiveness and manageability: some attempts to use
a more extended period of time actually resulted in a greater volume of literature,
including a mix of relevant and less relevant content; this abundance of articles, while
potentially comprehensive and useful, could have been challenging in terms of practicality
and efficiency, in other words, analysing a large number of articles within the context of a
single research project would be time-consuming and/or potentially overwhelming the
capacity of an individual researcher. Substantially, after experimenting with different
timeframes as search parameters in the three selected databases, the 2022-2024 period was

identified as the most suitable for the reasons outlined above.

Regarding the typology of articles selected, a database setting provided the possibility of
filtering out articles: letters to the editor, conference abstracts, encyclopaedia articles, book
chapters and literature reviews were excluded, in order to focus exclusively on original
research.
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In ScienceDirect a total of 30 research articles meeting the defined criteria were
identified, excluding 6 review articles, 1 encyclopaedia entry and 4 book chapters.
Similarly, in Scopus, 68 articles fitting the criteria were discovered, with 10 reviews, 7
conference papers, and 1 book chapter being excluded. The search in ResearchGate, on the
other hand, was carried out in a slightly different modus operandi since, given the same
selection criteria as above, the database initially identified a huge number of papers -in the
order of hundreds of items- leading to a selection by title that yielded 22 articles matching

the search criteria.

Moreover, to increase the comprehensiveness of the literature review, the reference lists
of the identified articles were scrutinised, resulting in the identification of an additional

27 relevant articles.

ScienceDirect_2:

RESEARCH THERMS: ((integrative lighting) AND (melanopic) AND (non visual effects))
AND ((simulations) OR (measurements) OR (recommendations))
AND ((lighting standards) OR (well) OR (cie))

YEARS: 2022-2023-2024
ARTICLES TYPE: Research article (30) [excluded: Review article (6), Encyclopedia
(1) and Book chapter (4)]
Scopus:
RESEARCH THERMS: ((integrative lighting) AND (melanopic) AND (non visual effects))
AND ((simulations) OR (measurements) OR (recommendations))
AND ((lighting standards) OR (well) OR (cie))
YEARS: 2022-2023-2024
ARTICLES TYPE: Research article (68) [excluded: Review (10), Conference paper
(7), Book chapter (1)]
ResearchGate:

RESEARCH THERMS: ((integrative lighting) AND (melanopic) AND (non visual effects))
AND ((simulations) OR (measurements) OR (recommendations))
AND ((lighting standards) OR (well) OR (cie))

YEARS: 2022-2023-2024
TOTAL: few hundred articles, selected by title.
ARTICLES TYPE: Research articles (22)

Reference list:

27 articles

Table 2.1. Schematic visualisation of the selection criteria used as input for the three databases mentioned

and the corresponding outputs.

The first phase of this literature review, consisting in the databases search process,
together with the reference lists scanning, produced a total of 147 potentially relevant

publications collected.
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Table 2.2. Prisma diagram of the selection process.

Being the topic of the review, the articles were selected when presenting a focus on
integrative lighting research and, in particular, non-visual aspects of light, an explicitation
of circadian and melanopic metrics, measured or simulated, and, in general the presence
of a well-defined and clearly described research method. One of the primary inclusion
criteria was, then, that the paper analysed had to be an original research article, providing
explicit details about the methodology used. For this matter, reports, literature reviews

and articles containing non-original case studies were excluded.

The selection process of the dataset was carried out in two steps. Firstly, the selection was
made on the basis of the titles and abstracts of all 147 publications. This resulted in a subset
of 57 publication. Of the remaining 90 publications, 22 were immediately excluded as
duplicates, the majority (32 articles) were reports, literature reviews or did not include an
original case study; in 12 articles non-visual parameters and/or recommendations were

not addressed and 5 publications did not even consider non-visual aspects, 10 articles were

not related to the field of design in any way and 1 could not be considered a research paper.
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Lastly, 8 papers, among those coming from the reference lists, were excluded because their
publication date was over 10 years ago; here it has to be pointed out that a specific rule
was applied for the articles selected among the reference lists, the timeframe applied
consisted, in fact, of 10 years, from 2014 to 2024, since the most recent publications could

not cite other newer papers as references.

The remaining 57 publications were fully read in detail and 23 of them were furtherly
rejected, main reasons being that most of them (8 articles) focused on developing/testing
measurement/simulation tools for circadian values rather than measuring circadian values
themselves; 4 of them did not address recommendations and/or circadian values in detail
and 3 focused on lighting features other than those being studied (e.g. CCT), in 3 other
architectural features were not specifically addressed and 1 paper related to the medical
rather than the architectural field. Finally, 4 researches involved a specific patient

population, whereas this review refers to a more general target population.

Therefore, the dataset of this literature review consists of 34 articles.

51
> 2

\E-" 15% of the total

b 5
£l 3% of the total
a8
5% of the total
3 22% of the total
2% of the total
2% of the total '1
1% of the total 4 .
3% of the total {5
3% of the total t!bi?;':;tgl 1 7 of the total

the t.;f..dm &% of the total

Graph 2.1. Pie chart of the literature review selection stages.
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2.2.3.Analysis

Methodological classification

The second, main phase of this literature review consisted of a systematic
methodological classification applied to the selected 34 articles: the data contained in each
article were reviewed individually and recorded on a standardised form; consisting of 28
columns corresponding to 28 analysed characteristics; considering key dimensions such
as the research goal, a general overview giving information about the environment the
study was conducted in, such as the light sources or the location, the method, with an
extensive analysis of its key features, in order to be able to compare the differences in the

methods used from several points of view, and the conclusions drawn by the researchers.

M.
. BIBLIOGRAPHY Biblisgraphic neference
o Almstract

Ky words

RESEARCH GOAL
HYPOTESIS STATEMENT
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i,

LICHT SOURCE
(DSKY COMNDITIONS ) TYMOLOGY OF LIGHT
LOCATHON

METHOD

TYPOLOGY l'|1.|r:|:||nrm'nt,.1h1n.ﬂ:.'~:.is.-‘54.|h||.\_l nvolvemenl

SOFTWARE USEDY

CEOLOGIC AL

cLasimications ® JHARDWARE USEDY/

RESEARCH INSTRUMENT ON HUMANS USED:
Cuestionnaine, surey, tisk/

MEASUREDVSIMULATED STUDY OBJECT
3. METHOD

& MEASUREDVSIMULATED ENVIROMNMENTAL VARIABLES

MHuman-centred MEASURED DATA
(ph\_.'.-\.i-.ivs wal variables measured by the hardwarel!

MHuman-centred MEASURED DATA
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,_.11. CONCLUSIONS RESULTS
LIMITATIONS

Graph 2.2. Linear dendrogram of the methodological classification carried out for the literature review.
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The categories included in the form are described in detail here:

e BIBLIOGRAPHY:

@)

The classification starts by providing bibliographic reference information,
including abstracts and keywords. Each research paper was numbered from
1 to 147 to simplify selection and organisational operations, reason for the

presence of a column dedicated to this numerical information.

e (1) GOAL:

@)

Research goal: Each article was scrutinized to identify and categorize its main
research objective, allowing for a clear understanding of the primary focus of
the study.

Hypotesis statement: A short paragraph describing the researchers'

prediction of the results of their studies.

e (2) OVERVIEW:

O

Investigated issue: The primary element, which may be data or a property of
a physical element, or a behavioural or biological aspect, whose information
is analysed by the study.

Environment: The specific environment in which each case study was
conducted was noted and categorized. This classification provided insights
into the diverse settings where the research was carried out.

N. Rooms, characteristics and dimensions: Each study was conducted in a
specific environment and due to the nature of the research, architecturally
based, its architectural features are categorised.

Light source: A distinction is made between studies taking into account only
electric light, daylight or both.

Sky conditions / (2) Typology of light: A description of the light adressed in
the previous category is given.

Location: The city and country where the study takes place is an important
factor when discussing the contribution of daylight, because of the orientation

and position of the sun.

e (3) METHOD

o

Method: This section summarises the process in a few sentences as an

overview of the approach adopted.



o "Typology: Environmental analysis/Subject survey": Here a distinction was
made between studies primarily characterized by an environmental analysis
and those emphasizing subject involvement, with human participants.

o /Software used/: A list of the software /if/ used.

o [/Hardware used/: A list of the hardware /if/ used.

o /Research instrument used on subjects: questionnaire, survey, task/: A list of
subject research instrument /if/ used, such as questionnaire, survey, task.

o Measured/simulated study object: A short sentence describing the object from
which data were collected.

o Measured/simulated environmental variables: A list of the physical
variables measured or simulated by the hardware or software mentioned.

o /Subject measured data (physiological variables measured by the
hardware)/: /If/ adressed in the research, given the hardware used, a list is
made of the physiological variables measured by it.

o /Subject measured data (subjective variables measured by questionnaire,
ecc.)/: /If/ adressed in the research, given the research instrument used on
subject, a list is made of the subjective variables measured by it through
questionnaires, surveys or tasks.

o Reaching of recommended values: A distinction is made if the recommended
values, from the adressed recommendations, are "MARGINALLY REACHED",
"REACHED since the research environment was specifically designed to reach
the recommended values", "EXCEEDED", "REACHED" or "NOT REACHED".

o "Typology Long/Medium/Short term": Articles were categorized according to
the duration of the study, distinguishing between long-term, medium-term
and short-term investigations. Short-term refers to a period of less than one
week, medium-term refers to a period of between one week and six months,
while long-term refers to a period of more than six months and up to one year
or more.

o /Number of people involved/: /If/ the research involved human participants,
the number of individuals engaged in the study was documented. This
criterion provided an additional level of information on the size and scope of

the research.

e (4) CONCLUSIONS
o Results: A short paragraph describing the research findings.

o Limitations: A list of limitations addressed by the researchers.

The form is included in its entirety in Appendix A of this thesis.

sisA[euy
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Methodological categories

2.3. Results
2.3.1. Methodological categories

From the review of the individual research papers, a clear distinction emerged
between two main methodological approaches: on the one hand, an analysis based
exclusively on the environment chosen as a case study, consisting of measurements and/or
simulations, defined as "Environmental analysis"; on the other hand, an analysis

developed with the involvement of subjects, defined as "Subject survey".

Environmental analysis 15 (44%)

Subject survey

Both 1 (3%)

Environmental analysis and
Subject survey |

Graph 2.3. Bar chart about method typology categorization.

The following review is based on this distinction.
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Literature review

2.3.1.1. Environmental analysis

Environmental analysis focuses on the physical characteristics and metrics of
lighting in different environments, taking into account environmental factors such as
season, weather, time of day, orientation, glazing types, wall colors and room
characteristics in the lighting design analysis.

Research goal and subject of investigation

In general, the studies aim to provide guidelines for integrative lighting design in real-
world settings such as offices, classrooms, and other indoor environments; improving the
understanding of lighting design principles, optimizing lighting systems for both visual
and non-visual needs, promoting energy efficiency and human well-being in indoor
environments.

In the following diagram a list of topics extrapolated from the research objectives and

investigated issues is shown:
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Graph 2.4. Chord diagram of the relationships between goal and investigated issues of environmental

analysis researches.
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02
Environmental characteristics

Regarding the built environment and its features, working spaces are the most analysed,
with a 69% of offices, of the remaining 19% are educational spaces such as classrooms and
university or school campuses, while few studies look at hospitals and residential spaces.
The number of rooms analysed in these studies varies; most focus on single rooms (73%),
while the rest examine multiple rooms (27%). Of those, a dimensional classification is
made where small rooms (<20m?) account for 53% of the rooms analysed, medium rooms
(20-50m?) for 20% and large rooms (>50m?) for 27%. The studies are mainly located in
Europe (77%), followed by America (15%) and Asia (8%).

Environment N. rooms A s

s i mm%} _— . —

Room sizes

Hospitals | ) {§%)

Residontial spaces | 1 16%)

Graph 2.5-2.6-2.7. Bar charts on the experimental environments and their characteristics.

Asia

8%

Morth Amenca

15%

Graph 2.8. Distribution of studies (in percentage) by selected location, on map.
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The types of light sources used in these studies vary: 40% were designed to use only
daylight (40%), another 40% used both daylight and electric light, and only 20% used only
electric light. Electric light sources used include LED lights (82%) and fluorescent lights
(18%).

0
18%
A Fluorescent Lights
[ ]
Electric Light

20%

Daylight

40% sBom

Thaylght and lectric light

82%

LED Lights

Graph 2.9. Pie chart on light sources and typologies.

Although there are only a few studies that focus solely on analysing electric light, there is
a reason to explain this matter: the studies aimed to test a specific lighting setting (Bellia
etal., 2023; Safranek et al., 2020) avoiding complications in the simulation/comprehension

of the results obtained.

Methodological overview

O FIELD MEASUREMENTS

ENVIRONMENTAL -
ANALYSIS QO SIMULATIONS
BOTH
Field measurements
awd simlations

Graph 2.10. Linear dendrogram of the environmental analyses classification.

Environmental analyses methods focus mainly on the technical and spatial aspects of the
lit environment, with the aim of optimising building parameters to maximise energy
efficiency and daylight utilisation, while complying with regulations and improving
visual comfort and circadian health. This methodology includes advanced simulations,
real-time monitoring and the application of lighting standards for both visual and non-
visual effects (e.g. EN1264-1, WELL Building Standard). In particular, of the 15 studies that
used environmental analysis as a research method, 2 used field measurements (13%), 9
used simulations using specific software (60%) and 4 (27%) used a combination of the
two.
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1. Field measurements

Experimental studies involving field measurements provide empirical data on the effects
of lighting interventions. Laboratory studies (one out of 15 analysis) provide controlled
environments to isolate specific variables, while field studies evaluate the practical
application of integrated lighting in real settings. A Spectrophotometer is used in almost
every research where a field measurement is carried out, this tool allows measurement of
the full colour spectrum and produces spectral colour data and photometric quantities.
The variables measured in real settings are photopic illuminance, m-EDI (Melanopic

Equivalent Daylight [lluminance), and seldomly Correlated Colour Temperature (CCT).
2. Simulations

As mentioned above, 60% of studies use advanced simulation tools to analyse lighting
conditions and their effects. In detail, these studies model both daylight and electric
lighting scenarios to predict visual and non-visual outcomes, helping optimize lighting
systems and design recommendations, since they examine how daylight dynamics,
including time of day, season, orientation, and sky type, affect melanopic EDI levels and
horizontal illuminance standards. As an example, “Twenty-seven different lighting scenarios
are developed by varying luminaire fluxes to meet specific eye illuminance requirements” (Bellia
et al., 2023).

ALFA
Rhinoceros
LARK v2

ClimateStudio

DAYSIM -
ECOTECT -

Libradtran -

Owl -

T

Rstudio

Graph 2.11. Bar diagram of the software used in the simulation experiments.
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The software used, in order of frequency, are ALFA and Rhinoceros, almost always used
in combination, LARK v2, ClimateStudio, Radiance and DIALuxEvo, which appear more
than once in the papers consulted, and finally DAYSIM, ECOTEC, Libradtran, Owl,
Rstudio. While Rhinoceros is a modelling tool, ALFA, LARK v2, ClimateStudio and
Radiance are for daylight simulations; Dialux is mostly used alone for both modelling and
electric lighting simulations. In one case the software ECOTEC is used as the modelling
interface and DAYSIM as the tool for daylight calculations.

INluminance, m-EDI and CCT are the most usual measured and simulated variables.
3. Both field measurements and simulations

A hybrid approach is common, where simulations are used to predict lighting conditions,
and field measurements are taken to validate these predictions, a dual methodology able

to ensure reliability.

Phodopds ifamrsesior

HARDWARE

ENVIRONMENTAL
ANALYSIS

SOFTWARE

Mefamopic dwninasoe

Graph 2.12. Alluvial Diagram showing correlations between the methodological categorizations.

Within this methodological categorization, different approaches are then developed based
on the different goals of the researches. Studies often analyse a wide range of scenarios
(e.g. different orientations, seasons, time of day) to understand the variability and
performance of lighting solutions under different conditions, framework which includes
annual daylight simulations. A parametric approach, on the other hand, explores the
effect of design parameters on visual and non-visual metrics by varying them within

different simulations (e.g. room geometry, material reflectance).
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In general, nearly all methods expand traditional three-channel lighting analysis to multi-
channel (e.g., 9-channel) approaches to capture spectral datas relevant to human health,
particularly melanopic lux. Many studies use established metrics and standards such as
the Melanopic Equivalent Daylight Illuminance (m-EDI) or Equivalent Melanopic Lux
(EML), CIE S026 melanopic metrics and WELL standards as the starting point of the
analysis to ensure comparability in the field. Some methods incorporate the analysis of
different gaze directions and view positions to assess the variability in lighting exposure
that occupants might experience, reflecting real-world usage more accurately. Other
evaluate electric and daylight joint contributions in order to provide guidelines for
lighting design; dynamic lighting systems and adaptive control strategies are examples of
advanced techniques applied in these studies.

e 0 LUse ol
“standardized METRICS and
RECOMMENDATIONS

SPECTRAL and MELANDOPIC

analysis
Evaluation ol

| ELECTRIC and DAYLIGHT Expatnof

T DESIGN PARAMETERS
joint contributions . . — . .

|
Anmual and dynamic

SIMULATIONS

Evaluation of different
ENVIHONMENTAL
SCEMARIOS

GAZE and VIEW DIRECTION
apalysis

Graph 2.13. Infographic on the different approaches carried out within environmental analyses.
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Daylight is often mentioned in connection with energy consumption (Zeng et al., 2021),
a research presenting a workflow combining non-visual and visual requirements was able
to show how the addition of non-visual requirements leads to a 57% increase in energy
consumption, “furthermore, daylight and light with a higher CCT are beneficial for non-visual
energy-saving. The additional non-visual requirements will not increase the lighting energy
consumption under favorable daylight conditions” (Zeng et al., 2021). Anyway, the majority of
the studies did not address the topic of shading devices, seen as an additional layer of

complexity and therefore considered a limitation (Potocnik & Kosir, 2021; Zeng et al., 2021).

Nevertheless, one study analysed two shading systems in relation to melanopic values: a
traditional roller blind and an electrochromic (EC) glass which would automatically tint
with direct sunlight (Boubekri et al., 2020). Yet another research paper investigated the
impact of using shading devices as a mean to control horizontal photopic illuminance, and

evaluated it based on its circadian potential (Potocnik & Kosir, 2019).

The following image illustrates an example of a comparative approach employed to

evaluate compliance with visual and non-visual requirements:

i - D DLLING LUMINAIRES - T
i \ Y TOOBTAIN ExS00 ks o~ . 4 || STARTING FROW THE CE<10%
i \ a AN THE 355 1. EDI

. PROCEDURE W' T . A
| "ROCEDURE W P b LG LUMSMASES TO
Lol . 4 i ! - CITAIN THE VERTICAL

Thal CIRCADUAM WETR

P08 « M-EDD) ART
EVALLATED

THE € ARE
CALCULATED

Figure 2.1. “Workflow (Procedure A design based on EN 12464-1 - procedure B design based on the
circadian metric)” (Bellia et al., 2023).

Study duration
Thanks to the nature of the environmental analysis and the potential of simulation tools,
most studies were long-term analyses (63%), with annual simulations using "weather files
of a typical meteorological year" in the chosen location. The remaining (37%) were short

term analyses, mainly in case of field measurements only researches.

H 47%
53?&} fhart term

Long term

Graph 2.14. Pie chart regarding the typology “Study duration”.
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2.3.1.2. Subject survey

A subject survey is based on collecting and interpreting data about users and their
needs to determine the impact of lighting on physiological, psychological and behavioural

responses.

Research goal and subject of investigation
The research goals collectively explore the role of lighting on human circadian rhythms,
sleep quality, and overall well-being. Specifically, they aim to evaluate the impact of
different lighting characteristics on physiological and psychological responses. Key areas
of focus include evaluating the effects of integrative lighting systems on melatonin
secretion, alertness, mood, and cognitive performance across different settings, such as
workplaces, schools, and hospitals. The studies also investigate the relationship between
daylight exposure and health indicators. Moreover, by examining both static and dynamic
lighting conditions, these goals aim to develop metrics and design principles that promote

healthier and more productive indoor environments.

I lighting patterns
I light intensity

an phigsiological and
petcholigpivel respovises

nnwkplace
schood
lespibal
restdenoe

lutwratory

fuctory

e i Between daylight exposure and
T :I health iI'I|iI'EFIDII;.".IJ'..IE-.I

Optimize

Lighting conditions to enhance

Develop.

Graph 2.15. Alluvial Diagram of a pool of topics emerging from the research goals and topics.
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These studies cover a range of real environments including offices (56%), educational

spaces such as classrooms, whole schools or campuses (17%), but also hospitals (6%),

residential spaces (6%) and factories (6%). However, two studies (11%) were conducted in
laboratories. Most studies are conducted in multiple rooms (50%), with 28% using single
rooms and the remaining 22% covering the entire buildings. In terms of size, 45% of rooms
were small (<20m2), 33% were medium (20-50m2) and 22% were large (>50m2).

Environment

o 0 (56"

Rl ) 170
Hespitals | 1 (6%)
Residentiol spaces | 1 (6%)
Labaratories | f{llﬂ.'"o}
Factories | 1 (6%

M. rooms
28

iy e ]
K :é:*.'!;l ms.

Graph 2.16-2.17-2.18. Bar charts on the experimental environments and their characteristics.

For the nature of the study itself and its limitations, when classifying the light sources used,

there is a clear predominance of electric light studies (56%), with 28% using both electric
and daylight, and only 17% of studies focusing on daylight alone. Of the electric light
employed 75% are LED light sand 25% are fluorescent lights.

56%

Daylight

28%

25%

Fluorescent Lights
L]

Electric Light

Baoth
Daylight amd electric light

75%

LED Lights

Graph 2.19. Pie chart on light sources and typologies.

Reasons why daylight is excluded by most cases can be summarized as following: (1) on

purpose in order to understand the effects of daylight deprivation (Li et al., 2022), in case
of shift workers for example (Bessman et al., 2023; Putte et al., 2022), or (2) to evaluate an

electriclighting configuration (Schledermann et al., 2023; Wang et al., 2022) while avoiding

complications in interpreting the results.
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Subject survey

Participant involvement: selection criteria and instructions for individuals
In studies involving the participation of individuals, strict selection criteria on the
population have been applied. Firstly, considering the high individual variability of the
human circadian system, in order not to compromise the reliability of the results: tests
have been carried out to determine the different chronotypes of the people involved
(Prayag et al., 2019; Schledermann et al., 2023; Wang et al., 2022), using questionnaires
such as the Munich Chronotype Questionnaire, where people with extreme chronotype were
usually excluded; in many studies, a distinction has been made between the sexes due to
the fact that men and women present different characteristics in terms of circadian and
hormonal aspects; for this reason, some studies present the decision to exclude an entire
gender so as not to compromise the reliability of the results (Wang et al., 2022); while
others considered both genders even though gender effects are not addressed in the results,
which is often expressed as a limitation that should, however, be pursued in future
research (Fostervold & FEilertsen, 2022; Putte et al.,, 2022). In yet another case, both sexes
are studied, but in regard to women, the menstrual phase in which they fall and the use
of contraceptives are taken into account, still related to hormonal aspects (Grant et al.,
2023). The majority of studies with participants also made a precise age-related selection,
with participants often belonging to a small age range varying between two and three
years at most (Fostervold & Eilertsen, 2022), caused by the different sensitivity of both
vision and circadian system of different age groups. Other studies did not take this aspect
into account and had much wider age ranges (Boubekri et al., 2020). Only one research
(Huang et al., 2023) addressed age and gender impacts on results, however, no significant

correlation was found with human and lighting metrics.

Other selection criteria consisted in eye disease and psychological problems screenings
(Chen et al., 2019; Grant et al., 2023; He et al., 2023; Huang et al., 2023; Prayag et al., 2019).
Also having travelled across more than one time zone in one/two month prior to the study
was exclusionary (Boubekri et al., 2020; He et al., 2023; Huang et al., 2023; Prayag et al.,
2019; Stebelova et al., 2024).

In order to have reliable results from a huge number of participants, every research
assessed a series of rules to standardize habits or behavioural aspects that could affect
the findings objectivity. First of all, defining a constant bedtime (Benedetti et al., 2022;
Grantetal., 2023; Huang et al., 2023), for instance, in case of studies analysing sleep quality
and duration; avoid or limit alcohol and caffeine and not take medication (Bellia et al.,
2023; Benedetti et al., 2022; Bessman et al., 2023; Boubekri et al., 2020; Chen et al., 2019;
Fostervold & Eilertsen, 2022; Grant et al., 2023; He et al., 2023; Prayag et al., 2019).
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In some cases, limits were even placed on the diet, such as abstaining from eating bananas
or chocolate (Fostervold & Eilertsen, 2022).

“Limitations of our study are certainly linked to the semi-naturalistic approach: there
were no constraints on light exposures out of the office, for instance in the evening
hours, or during the lunch break outside the building; there were no instructions for
physical activity or meal timing, which may have contributed to individual

variability of hormonal and light exposure data” (Benedetti et al., 2022)

To avoid running into these kinds of limitations, some studies involving subjects set up
facilities in which the participants would spend the entire study period without leaving,
since “This similar behaviour and light exposure largely reduced the experimental error” (Xu et
al., 2023). While others imposed a maximum walking distance of no more than 30 minutes
from the lighting laboratory where the study was being conducted to the place
participants were sleeping (Huang et al., 2023). Another effective measure taken in various
study in order not to compromise the lighting impact on participants when outside the
research environment was wearing blue-block tinted glasses (Bessman et al., 2023; Huang
et al., 2023). Along the same lines, several studies selected their participants within
university campuses or high schools with dormitories, thus ensuring that the
participants lived in the same location, had a very similar lifestyle, with the same school
and leisure hours, ate together at regular times and were subject to the same sleep-wake
cycle (Fostervold & Eilertsen, 2022; Xu et al., 2023).

The subject of integrative lighting is associated with a wide range of issues related to
wellbeing and human activities; when mentioning circadian cycles, roles such as shift
workers, whose circadian health is strongly influenced by the occupation they practise,
cannot but be mentioned. Reason why studies involving subjects and melanopically
implemented devices often focus on this target group, searching for the best solutions to
improve their circadian phases (Bessman et al., 2023; Putte et al., 2022; Schledermann et
al., 2023).

“With the high prevalence and necessity of shiftwork in our society, interventions that
mitigate its harmful effects on health and safety are warranted. A leading countermeasure
is light, which acts via a range of physiological effects, including circadian resetting,

alerting properties, and mood enhancement.” (Bessman et al., 2023)

“In shift work, appropriate lighting conditions are of additional relevance as disturbed
hormonal regulations and physiological processes are typical consequences of shift work
due to the mismatch between the light-dark pattern and the sleep-wake rhythm” (Blask,
2009)
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Subject survey

Methodological overview

Subject surveys can be divided into two types of experimental design:

o Within-subjects design: Same groups of participants were exposed to different
lighting conditions, so that each participant experienced all lighting conditions.
73% of the experiments used this design.

o Between-subjects design: 27% of the studies used a between-subjects design,
where participants were randomly assigned to different lighting conditions for

comparison, in other words, each group experienced only one lighting condition.

Between-Subjects
Design

Within-Subjects
Design

Graph 2.20. Pie chart of the Subject surveys’ categorization.

The design is then structured around three primary measurement techniques: objective
measurements, biomarkers, and cognitive and psychological assessments, each examining

different variables through specific tools.

Objective measures acquire quantifiable data such as sleep-wake patterns and individual
light exposure. Tools include different types of actiwatches and actigraphs for tracking
sleep patterns, and various devices like spectroradiometers, spectrophotometers or
sensors for measuring individual light exposure. On the other hand, biomarkers are used
to assess physiological responses to lighting, such as melatonin concentration, body
temperature, and alertness. Saliva and urine samples, tympanic and wireless temperature
sensors, EEG, ECG, and pupil diameter measurements are among the tools used.
Eventually, cognitive and psychological assessments evaluate subjective and behavioural
responses to lighting; this category includes a wide range of measured variables, such as
sleep quality, alertness, concentration, mood, mental fatigue, control function and
memory. Tools and methods used include sleep diaries, questionnaires like the ones using
the Karolinska Sleepiness Scale (KSS) and the Pittsburgh Sleep Questionnaire (PSQ),
various cognitive tests like the Psychomotor Vigilance Test (PVT), D2 attention test and
Go-Nogo task. Surveys and interviews are also employed to gather subjective impressions

and feelings, or to implement information about participants.
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Literature review
There is, however, no lack of environmental measures, such as horizontal and vertical
illuminance, along with spectral power distributions monitored in real time using devices

like colorimeters and spectrophotometers, in order to compare objective and subjective

outcomes.
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Subject survey

Comparative analysis

Study duration
The duration of the study includes both the time spent in the research environment and,

when required, the washout period between different sessions of the same study.

The selected studies were divided into three main groups in terms of duration: as
previously stated, short-term referring to a period of less than one week, medium-term
referring to a period of between one week and six months and long-term referring to a
period of more than six months and up to one year or more. In particular, research
involving human subjects tended to be of longer duration because of the need for
preparation time, for example to establish a regular schedule (bed and wake times)
(Benedetti et al., 2022; Huang et al., 2023), but also because of the need for washout periods,
for example when comparing different lighting scenarios in order to minimize any
carryover effect (Benedetti et al., 2022; Bessman et al., 2023; Huang et al., 2023; Xu et al.,
2023).

5%

- Long term
28%
Shor term 6?0/0
Medium term

Graph 2.22. Pie chart regarding the typology “Study duration”.

2.3.2 Comparative analysis

Differences and similarities

Environmental analyses and subject surveys have emerged as the fundamental

approaches to integrative lighting research.

A comparative summary of the two series reveals a number of common features: starting
from the goals, since both aim, overall, to optimise lighting environments for improved
well-being and performance. In terms of approaches, empirical research methods such as
simulations, measurements and controlled experiments are identifiable in both
approaches. Consequently, common tools, including light sensors, measuring devices and
software for lighting simulations, are employed, and the same metrics are assessed, such
as Circadian Stimulus (CS) and Melanopic Equivalent Daylight Illuminance (m-EDI).
Finally, a primary outcome focuses on improving cognitive function, mood, and sleep
quality through better lighting design, while offering insights for circadian

recommendations.
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Conversely, numerous differences can be identified. Essentially, environmental analysis
emphasises the physical aspects of the lighting environment, whereas subject surveys
concentrates on the physiological and psychological impacts of lighting on humans. As a
result, the former utilises dimensional and temporal parameters, while the latter mainly
employs biological and subjective criteria. Summarizing the methodologies previously
discussed: environmental analysis involves (1) the use of architectural and lighting design
software to simulate and optimise lighting conditions, and (2) the analysis of
environmental conditions, design parameters and shading effects on lighting quality;
subject surveys relies on laboratory and field studies with human participants (1) to
measure biological and psychological responses as well as (2) subjective impressions of
satisfaction and well-being. Moreover, even the challenges in the two methodologies
differ: for instance, environmental analysis must balance energy efficiency with lighting
quality, or address the variability of daylight due to weather and seasonal changes.
Conversely, subject surveys may encounter difficulties when addressing topics such as the
individual variability in circadian responses or the integration between objective and

subjective metrics.

Even though it can be challenging to quantify variables not conventionally measurable
such as subjective variables and in general combine the two environmental and subject
survey methodologies, an example approach can be found in the article “Evaluating an
integrative lighting design for elderly homes — a mixed methods approach” (Bochnia et al., 2022),
where, as the title announces, a mixed method approach is carried out showing the

meeting points of the two opposite approaches.
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Figure 2.2. “Methodology chart based on Creswell & Plano 2018” (Bochnia et al., 2022).
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A mixed method approach can “potentially contribute to other research by presenting an
approach that could be applied to other lighting design cases where more than one factor needs to
be addressed and investigated in field studies.” (Bochnia et al., 2022).

Results and limitations:
In general, results from both environmental analyses and subject surveys show common
features. Regarding the 34 different results achieved from the respective research papers:
non-visual parameters and recommendations, architectural and lighting design strategies,

circadian health and wellbeing and energy efficiency are the most cited topics.

Several papers discuss the role of lighting in promoting circadian rhythms and look at
strategies involving higher melanopic illuminance in the morning and lower levels in the
evening. The integration of daylight with electric lighting systems is another recurring
theme; this approach often aims to maximise the availability of daylight during peak hours,
while using energy-efficient electric lighting to maintain appropriate lighting levels.
Another approach is to implement dynamic or tunable lighting systems that adjust colour
temperature and intensity throughout the day to mimic natural daylight patterns.
Moreover, combining daylight with advanced lighting control systems, such as luminaire-
level lighting controls (LLLC) and task lighting (Rockcastle & Mahic, 2024), can result in
significant energy savings compared to simple on/off systems. As well as using vertical
rather than just horizontal lighting to meet eye-level lighting recommendations. Also,
considering the impact of architectural features: window design, orientation, glazing
properties, and surface finishes significantly influence the spectral qualities and overall
effectiveness of lighting designs in providing adequate circadian light exposure. Factors
such as the position of workstations in relation to windows and the use of shading systems
can have a significant impact on the efficacy of lighting designs. Finally, improved sleep
quality, alertness, and cognitive performance are frequently reported outcomes of
optimised integrative lighting designs. However, the recognition of individual variability
in response to light exposure suggests the need for personalised lighting solutions.

A series of papers offers insights on how to improve circadian values/recommendations.
Some studies that analyse existing lighting conditions or compare different lighting
conditions, such as static and dynamic lighting/circadian lighting, provide information on
the circadian values of these systems and environments and, in the case of studies
involving human subjects, make a comparison between these values and the non-visual
effects that occur in participants, showing that different levels of melanopic amounts
produce different effects on people's health and well-being, even when the recommended

values are not reached or, on the contrary, are greatly exceeded.
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Although popular metrics and current recommendations for non-visual effects are based
solely on melanopic illuminance’, this could not be sufficiently accurate in predicting the
circadian effects of light, therefore some studies investigated other factors, such as the
contribution of single visual photoreceptors which could be also involved in the circadian
phototransduction process and thus improve the present guidelines; for instance, one
research (Huang et al.,, 2023) investigated the influence of different levels of cyanopic
illuminance on a study population while keeping photopic and melanopic illuminance
constant, based on the results obtained cyanopic illuminance could be beneficially

incorporated with melanopic illuminance to improve circadian values:

“These findings challenge the assumption that the current popular circadian metrics
based solely on melanopic illuminance, such as m-EDI and EML, can accurately predict

the circadian effects of different lighting conditions. Instead, our results suggest that the
contribution of S-cone signals from the visual pathway, quantified by cyanopic illuminance,
should also be considered when evaluating the circadian effects of lighting environment.
[...] A multi-photoreceptor approach considering both melanopic and cyanopic

illuminance may be a more optimized solution.” (Huang et al., 2023)

The research “Determining critical points to control electric lighting to meet circadian lighting
requirements and minimize energy use”, by Abboushi B. and Safranek S. examines and
proposes a new approach to the development of recommendations on circadian lighting
from the point of view of critical measurement points; in fact, here, the recommended
values are not debated, on the contrary, the discussion is about how to consider the
position and melanopic contribution on each point of measure: “The determination of critical
points is closely related to several decisions such as selecting a circadian lighting metric, timing of
exposure, and position and orientation of measurement points” (Abboushi & Safranek, 2022). As
known, the WELL building standard considers all workstations where an individual
spends at least one hour or two cumulative hours per day (WELL 2021), the critical points
here are the ones receiving the lowest daylight levels related to numbers of hours in a year,
this approach is referred to as ‘lowest daylight’ (LD). The paper previously cited proposes
two new approaches other than this one: the Daylight Autonomy using EML (DAem)
approach, which represents the percent of the time at which each measurement point met
the required threshold; and the Continuous Daylight Autonomy using EML (cDAgwr)
approach, useful since it considers even the partial non-visual effects that a light value
below the threshold still has.

" “Due to the dominant role of melanopsin-expressing ipRGCs in the circadian phototrasduction process,
melanopic illuminance has been adopted as a convenient measure to quantify circadian illuminance for
practical engineering applications.” (Huang et al., 2023)
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Comparative analysis

Variability is a term that fits well with the subject of integrative lighting design; in this
regard the research titled “Investigation of the daylight spectrum in an indoor environment
using CIE S 026 melanopic metrics” (Englezou & Michael, 2023) presents the variability in

daylight spectral characteristics focusing on seasonality, timing and gaze direction.

Both
daylight and electric light
3

_ Daylight

& Total
=& Environmental analyses
Subject surveys

Electric light

Graph 2.23. Radar chart showing relations between methodologies (environmental analysis and subject
surveys) and light sources (daylight, electric light and both).

In the study “Evaluation of visual and non-visual effects of daylighting in healthcare patient
rooms using climate-based daylight metrics and melanopic metrics” (Englezou & Michael, 2022),
an attempt is made to improve on visual and non-visual effects by combining climate-
based and melanopic metrics. Anyway, the outcome of the research is that there is no
possibility of correlation between the different metrics. Besides these considerations, there
are also studies whose results support the current recommendations in terms of circadian
metrics (Favero et al., 2023). In general, a common issue that emerges from the various
studies is that the recommended circadian values require more light and consequently, in
many cases where daylight is inadequate, more energy, which is why many studies
dealing with circadian metrics addressed the issue of energy consumption. Other
suggestions to reach circadian values consist in the implementation of lighting systems
such as use of task lamps (Grant et al., 2023) or higher illuminance and short-wavelength

(blue) enriched light that show better physiological responses.

The integration of these results provides an overview of the future of integrative lighting
design and possible directions for further investigations.
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As for results, common topics can also be named for limitations addressed at the

conclusion of every study:

Each study object is located or has been simulated in a specific location. In some studies,
the location was an important, if not fundamental parameter taken into account in the
analysis of the results; in one case, for example, the experiment took place in sub-Arctic
regions as they wanted to analyse the light in the northern architecture scene (Espinoza-
Sanhueza et al., 2024). Yet another study selected two different locations, Seoul in Korea
and Champaign in Illinois (USA), in order to test the metrics proposed in the study in
different contexts (Lee & Boubekri, 2022). In general, location is often seen as a limitation

to the study as it cannot represent the general case but only a particular one.
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Figure 2.3. Map signalling environmental analyses and subject surveys locations.

One of the main difficulties in research involving subjects is the risk of incurring bias or
conditioning on the part of those involved, which is why in almost all cases, when subjects
were subjected to questionnaires, they were not previously informed of the purpose of the
research (Boubekri et al., 2020). “While participants were not made aware of the purpose of the
study, it was impossible to fully blind them to conditions as they were visually different. To avoid
potential bias, we used objective assessment methods; sleep duration was measured by actigraphy
and cognitive function through a simulation-based assessment. Some of the effect on these outcomes
could result from a placebo effect, which nonetheless would be present wherever blinds or EC glass
is used in practice” (Boubekri et al., 2020). Another method to overcome this problem and
not incur the placebo effect consisted in “designing lights that were white-appearing, not
significantly brighter than typical indoor lighting, and near-cone metamers” (Bessman et al.,
2023).
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Comparative analysis

For different reasons and in different contexts, time was one of the main research factors
presented as a limitation (Bochnia et al, 2022). When the research consisted of an
environmental analysis based on simulations, this problem was overcome thanks to the
availability of data on annual spectral sky conditions that allowed for annual simulations
(Abboushi & Safranek, 2022; Englezou & Michael, 2022; Espinoza-Sanhueza et al., 2024;
Giovannini et al., 2023; Rockcastle & Mahic, 2024; Zeng et al., 2021). On the other hand,
this was not possible when the research involved human subjects, mainly due to
individual occupations and schedules. This can be seen by correlating the number of long-
term, medium-term and short-term studies with their type (environmental analysis or
subject involvement): 11 research projects were identified as long-term studies,
representing 32% of the total. Of these, 10 were environmental analysis projects and only
one involved human subjects. The majority of the 15 environmental analyses were long-
term (53%), while 47% were short-term studies. Conversely, 67% of the studies involving
subjects were medium term, with the remaining 28% being short term. Only one study

was long term.
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Graph 2.24. Radar chart showing relations and differences between study durations and methodologies.

A recurring limitation in researches involving participants is the small sample size (Chen
etal., 2019; Favero et al., 2023), due to the fact that first of all, the majority of studies is on
a voluntary basis and overall, managing a larger sample requires a high amount of space

and time.
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2.4. Conclusions

Numerous and intrinsically diverse variables influence the circadian system
together with visual and non-visual effects of light, ranging from environmental factors
and conditions to physiological and psychological processes. For this reason, it is
necessary to develop a standardized methodological template working as a reference for

research in the field of integrative lighting.

In order to do so, this literature review of 34 studies on integrative lighting has identified
a range of methods employed to achieve significant results in the field, thereby proving
the validity of such methods. Summarizing the work done in the previous sections, the
first step consisted of sorting each method into a primary group division consisting of
Environmental analysis and Subject survey. Each of these groups is further subdivided
based on specific approaches and tools used. The first category is divided between Field
measurements and Simulations; the second include both a classification based on the
approach ("Between-subject” and "Within-subject analysis"), and a classification of the
tools used, into the three categories of "Objective measurements", "Biomarkers", and

"Cognitive and psychological assessment".
@ Ficld measurements

Environmental analysis g

@ Simulations
Methods N
o ) ) Objective measurcments
Within-subjects design

Subject survey Biomarkers

Between-subjects design
Cognitive and psychological assessment

Graph 2.25. Linear dendrogram of research methods and tools classification.

At this stage of the process, a further classification was made of the research goals. The
research objectives have been translated into a series of representative terms and grouped
according to the methods used to achieve them. This categorisation facilitates the creation
of a reference table for future research, a valuable tool enabling researchers to align their

objectives with the most suitable methodologies.

Following is a clear mapping of the research objectives outlined as a function of the most

effective methods to achieve them.
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125 Evaluate the impact of integrative lighting recommendations on energy consumption
84 Evaluate the impact of season on daylight
84 Evaluate the impact of weather on daylight
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110; 123 Evaluate the impact of gaze direction on integrative lighting
140 Evaluate the impact of glazing types on integrative lighting
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138 Evaluate the impact of glazing types on satisfaction
142 Evaluate the impact of achieved melanopic illuminance of daylight on glare
143 Evaluate compliance of integrative lighting systems with recommended values
59 Evaluate compliance of integrative lighting systems with recommended values
59;143,145 | Evaluate contribute of electric lighting on integrative lighting
59;143;145 | Evaluate contribute of daylight on integrative lighting
18 Evaluate the effects of integrative lighting systems on satisfaction
37,60 Evaluate the effects of integrative lighting systems on melatonin secretion
60 Evaluate the effects of integrative lighting systems on perceived sleepiness
3 Evaluate the effects of integrative lighting systems on alertness
33 Evaluate the effects of integrative lighting systems on mood
10 Evaluate the effects of integrative lighting systems on sleep patterns
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47 Optimize recommendations of integrative lighting on critical points determination approaches
124 Optimize lighting energy consumption considering a combination of visual and non-visual requirements for design practice
89 Develop dailight metrics to promote health and well-being for design practice
69 Develop design principles considering a combination of visual and non-visual requirements for design practice
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Conclusions

The graphic illustrates the process to be followed once a research objective has been
established in order to select a suitable method. The table provides a schematic summary
of these processes, enhancing their readability. The table comprises a series of rows, each
of which corresponds to one or more selected papers; these are indicated by their
respective codes in the first column, which refer to the numbers in the attached
bibliography. The total number of analysed objectives exceeds the number of analysed

papers, as some papers contain multiple objectives investigated using different methods.

In summary, from this table it can be drown out how environmental analyses with field
measurements are suitable for research focusing on spectral properties of light and
daylight analysis, for example. Research goals in this category include evaluating the
impact of light and colour patterns, season, time of day, but also daylight on achieved
melanopic illuminance, moreover the analysis of glare is addressed. Additionally, such
method is able to assess the compliance of integrative lighting systems with recommended
values and contribute to developing daylight metrics to promote health and well-being.
On the other hand, environmental analysis with simulation addresses goals related to
energy consumption and efficiency, the contribution of daylight and electric lighting, as
well as the optimisation of design principles. The research goals, moreover, include
evaluating the impact of integrative lighting recommendations on energy consumption,
assessing the influence of season, weather, time of day, orientation, and design parameters
on daylight values, and evaluating the contribution of electric lighting. Furthermore, the
environmental simulation method aims to optimize integrative lighting recommendations
and lighting energy consumption taking into account a combination of visual and non-
visual requirements, and develop design principles that integrate such requirements, as
simulated luminance and irradiance data are able to assess the relative impact of design

options on the non-visual system.

Indeed, for considerations concerning the harmonisation of visual and non-visual
normative values and recommendations, the recommended approach seems to be
environmental analysis with dual methodology: field measurements and simulations;

example of this statement can be found at (Giovannini et al., 2023).

Although, on-subject studies are useful for investigating a range of factors, including
psychological and physiological responses, cognitive performance, and satisfaction, as
well as the effects on sleep patterns, alertness, mood, and melatonin secretion. The
research goals here specifically include evaluating the impact of lighting patterns, light
intensity, and spectral characteristics on physiological and psychological responses, as
well as the impact of glazing types on cognitive performance and satisfaction, for example.

This method also assesses the effects of integrative lighting systems on melatonin secretion,
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perceived sleepiness, alertness, mood, sleep patterns, and cognitive performance, along
with the effects of electric lighting on physiological and psychological responses.
Moreover, it evaluates the effects of daylight on sleep quality and performance. Subject
investigation through biomarkers analysis has been seen to focus on the physiological
impacts of integrative lighting and its alignment with circadian rhythms. The research
goals, in this case, include evaluating the impact of lighting patterns, light intensity, and

spectral characteristics on physiological responses but this time through biomarkers, a

branch of objective measurements of physiological changes induced by lighting conditions.

Such approach is equally suitable to analyse the effects of integrative lighting systems on
melatonin secretion, sleep patterns, alertness, and mood. In general, this research
approach is beneficial when insights are needed into subjective experiences and perceived
impacts of lighting on individuals, but also to assess biological processes occurring within

them, entrained by such lighting inputs.

In conclusion, this chapter presents a synthesis of the critical insights gained from the
literature review conducted, mainly about research methodologies and general workflows
applied, offering an extremely diverse overview on the discipline of integrative lighting.
The literature review was structured around well-defined questions and a desire to
provide useful input for future research; and did so by providing a clear methodological
framework. Undoubtedly, this work faced limitations, one of them being the limited

number of selected papers. In any case, it can be seen as a stimulus for further research.
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