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Only in recent years, scientists have uncovered the importance of lighting design, beyond
facilitating vision. Human eyes function in a dual manner, and the second function is to facilitate healthy
circadian rhythms. The photobiological research is still evolving, but preliminary findings show that light-
sensing opsins within the retina interact with genes oscillating to circadian rhythms. Photoreceptors
photopsin (OPN1), melanopsin (ONP4) and neuropsin (OPN5) send information that impacts health,
vision, and circadian rhythms.

Research in neonatal intensive units (NICU) shows that circadian light regimes can exert a
positive influence on a baby's brain and eye development, and metabolic body functions. It is necessary to

design, control, and manage the intensity and spectra of light in NICU settings to support the healthy



development for premature babies. Currently, design guidelines for circadian lighting in healthcare
settings are not well established; and there are not any tools that can simulate the neuropic light levels in
built environments. Hence, this thesis addresses to a need for a tool that can predict the visual and non-
visual effects of lighting decisions within a design workflow.

LARK Multi-Spectral Lighting simulation tool was developed in 2015 as a Rhino Grasshopper
plugin to simulate the non-visual effects of lighting. The objectives of this research are i) to further
develop LARK to quantify the recently discovered non-visual opsin neuropsin along with photopsin and
melanopsin, and ii) to demonstrate simulation workflows for NICU settings to perform robust and
accurate daylighting and electric lighting analyses for occupants including patients, clinicians, and patient
families.

Sample workflows are exemplified to study the role of daylight and electric lighting in a NICU
setting with the goal of improving design decisions. Different date, time, and weather conditions, spectral
properties of glazing, surface materials, and electric light sources are simulated, and the resulting
photopic, melanopic, and neuropic light levels are analyzed. The results of this thesis show that healthy
lighting recipes, which satisfy the criteria for all three opsins, can be prescribed through dynamic
commissioning practices for shading and tunable electric lighting systems, in addition to thoughtful

design decisions such as appropriate glazing and material selections.
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Chapter 1 Introduction and Objectives

The human eye can detect electromagnetic wavelengths between 380 to 700 nanometers. The
eyes function in a dual manner, the first function is vision, and the second function is to facilitate the
internal body clock (aka circadian rhythms). Visual photoreceptors include cones (opsin 1, aka OPN1)
and rods (opsin 2, aka OPN2). Cones are responsible for colored photopic vision with daylight, while rods
are responsible for uncolored scotopic vision at a low light level. Melanopsin (OPN4) and Neuropsin

(OPNDb) are the photoreceptors that regulate the circadian rhythms.

Research in neonatal intensive units (NICU) shows that circadian light regimes can exert a
positive influence on babies' brains, eyes, and other development. A NICU environment is designed to
provide the right environment for premature infants. Every year, 15 million preterm infants are born as
reported by the World Health Organization. Most premature infants grow up with a variety of chronic
conditions, ranging from damaged eyesight to underdeveloped immune systems that require delicate care
in the NICU. Hospitals have traditionally strived to maintain a dark environment like a mother’s womb.
However, practices are changing. Some countries continue to have dim conditions, while others are
experimenting with bright NICUs. Contemporary NICU design practices in the United States are oriented
towards single-family rooms that meet the needs of the patients and parents who stay with their babies.
Compared to multi-patient rooms, private (single-family) rooms provide a better potential to create a
healing environment that can enhance newborn development and family. The study of circadian rhythms
in healthcare environments is still limited. There is a need to study healthcare environments for patients,
clinicians, and families’ perspectives. It is necessary to control and manage the wavelengths, intensity and
duration, and the spectra of light in neonatal care. Previous researchers have explored the visual response
and circadian response of light, but there is not any research in the field of architecture that focuses on

guantifying the non-visual response from neuropsin (OPN5).

The objectives of this thesis are i) to further develop LARK Multispectral Lighting simulation

tool to quantify the recently discovered neuropsin along with photopsin and melanopsin, and ii) to



determine simulation workflows for NICU settings to perform daylighting and electric lighting analyses
for NICU settings. Simulations are exemplified to compare parameters such as surface materials and

glazing in the context of NICU.

The methodology of this research is to utilize a multi-spectral simulation-based approach to study
the impact of surface colors and materials in the room (including walls, floors, and ceilings), along with
glazing and shading system alternatives. The electric lighting system, which supplements the daylighting
in the room, is studied to provide the targeted range of wavelengths and intensities. A parametric study
approach is employed to inform design decisions based on date and time, surface materials, glazing, and
bed location in the context of NICU design. The simulation workflow is developed to quantify opsin
(photopic, melanopic, and neuropic) illuminance and luminance values to study the role of daylight and
electric lighting in delivering the right lighting recipes for newborn development. The quantities are
evaluated based on available standards: (Illuminating Engineering Society (IES) recommended photopic
illuminances, the melatonin suppression at an hourly time scale for compliance with the Recommend

NICU Standard 2020, WELL Building Standard, and other emerging research results.

Chapter2 summarizes the literature review on the impact of light on visual and non-visual
systems, NICU design guidelines, and the simulation tools available to architects and lighting designers.
Chapter 3 summarizes the methodology, revisions implemented to Lark, and the simulation setting.

Results are presented and discussed in Chapter 4. Chapter 5 summarizes the thesis findings.



Chapter 2 Background

This chapter discusses the current research on human visual and nonvisual responses to light. Most
of the scientific knowledge regarding the subject of spectral changes comes from photobiology. Although
it is still in its early stages to provide a comprehensive understanding of its impact on humans, a
considerable body of knowledge has accumulated to help architects make informed decisions. This chapter
starts with an overview of the visual and non-visual responses of the human ocular system to light, followed
by a discussion on NICU design settings from a lighting design and analysis perspective, and concludes
with a comparison of the existing lighting simulation software that can calculate the visual and non-visual

effects of light.

2.1 Visual and Non-visual Responses

2.1.1 Overview of the Visual System

The ocular system is a complex system of networks connecting the eye and the brain (Figure 2.1).
The human eye can be subdivided into two systems: ocular (i.e. lens and sclera) and neural (i.e. retina)
systems (Figure 2.2). M Light is first received at the ocular system and transmitted to the back of the retina,
which is an extension of the brain. In the retina, optical signals are absorbed and converted to electric signals.
Ganglion cell axons pass the electric signals from the eyes to various parts of the brain for further

processing.?!

Optic nerve

Optic chiasm

Lateral geniculate nucleus

- Superior colliculus

Visual cortex

Figure 2.1 Schematic View of Human Visual System
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1. Light entering eye triggers 2. Chemical reaction in turn
photochemical reaction in rods activates bipolar cells.
and cones at back of retina.

Cross
section
of retina

Neural
impulse

Optic nerve
3. Information is sent to
visual cortex via thalamus.

Figure 2.2 Diagram Representation of the Retina and Its Three Layers of Cells (the Retina with Its

Specialized Cells) P!

Humans have opsins as the light-sensitive photoreceptors in the retina.®! Light passes through the
ganglion layer and cells in the inner retina to the predominant visual photoreceptors in the eye. Visual
photoreceptors are the cones (opsin 1, aka OPN1) and rods (opsin 2, aka OPN2). Cones are responsible for
colored photopic vision, they are concentrated in the center of the retina, with an angular extent in the field
of view of approximately two degrees. The three different kinds of cones are the short (S-), medium (M-),
and long (L-) wavelength cones. The S-cones contain the visual photopigment cyanolabe and are maximally
sensitive to wavelengths at 448 nm; the M-cones contain the visual photopigment chlorolabe and have a
peak spectral sensitivity at 541 nm; the L-cones contain the visual photopigment erythrolabe and are
maximally sensitive to wavelengths at 569 nm. [ Color vision is initiated in the distal retina by combining
the outputs from these three cone types into two spectrally opponent mechanisms, red versus green and
blue versus yellow. The photopic curve represents the visual sensitivity of the human eye. ! As shown in
Figure 2.3, it is the combined spectral sensitivity of the S, M, L cones. It peaks at 556 hm and is defined by
1931 and 1964 as the CIE Standard photopic observer for 2<and 10<field of views, respectively. [}

Rods contain the visual photopigment rhodopsin with a peak sensitivity at 495nm. They are

responsible for uncolored scotopic vision at low light levels. They are almost entirely distributed in the



retinal angular field of view regions not covered by the cones.®I When rods begin to saturate in response to
higher light levels, cones become the dominant photoreceptor for photic input to the ganglion cells and,
subsequently, to different parts of the brain. The visual message leaves the retina as ganglion cell axon
spike discharges that occur either when a spot of light stimulates the retina, or when the spot of light is
extinguished. This visual pathway facilitates how humans perceive shape, color, movement, and even

complex geometries such as faces from different angles. !

S-cone (Blue) opsin M-cone (Green) opsin L-cone (Red) opsin

P 1.0 OPN1-sW OPN1-SW OPN1-5W
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Figure. 2.3 Wavelength Sensitivity of the Cones and Rods Cells

2.1.2 Non-Visual Photoreceptors

Until recently it was accepted that the ocular system is used for vision only, but since 2001 it is
known that it has both visual and non-visual functions. ! The studies found the non-imaging response of
the retina is adjusted by the rods and cones of cells and a new class of photoreceptors known as intrinsically
photosensitive retinal ganglion cells (ipRGCs).!®! ipRGCs can synchronize the circadian rhythm of the

human biological clock to the natural environment.



In addition to understanding how the retina converts light signals to neural signals for the visual
system, it is necessary to determine the photic pathways involved in circadian, neuroendocrine, and
neurobehavioral responses. Through synapses with the ipRGCs, whose axons comprise the
retinohypothalamic tract that directly innervates the suprachasmatic nucleus (SCN), neurons can supply

photic input to the circadian system.

1.0

Normalized Absorbance

Neuropsin Melanopsin Photopsin
OPNS5 OPN 4 OPN 1
Peaks at 380 nm Peaks at 490 nm Peaks at 556 nm

0.4

0.2

0.0

380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760 780

Wavelength (nm)

Figure.2.4 Photopic, Melanopic and Neuropic Spectral Curve

Humans have evolved to base their circadian rhythms around the natural light-dark patterns
associated with daytime and night-time. Well timed light and dark cycle can provide the right environmental
cues to synchronize it with the local time. However, with humans being indoors for extended periods of
time, exposure to adequate levels of light have been compromised as typical indoor electric light levels
often do not equate to the amount of light the human body traditionally receives outdoors. ™ Light

deficiencies affecting the circadian rhythms include periods of wake and sleep, activity and rest, hunger



and eating, and variations of hormone release and body temperature. Disruption of circadian rhythm has

been linked with obesity, diabetes, depression and metabolic disorders. 2221

2.1.2.1 Melanopsin
Melanopsin, known as Opsin 4 or OPN4, is a blue-light-responsive opsin for the mammalian
circadian photopigment of ipRGCs. The available data indicate that the spectral sensitivity of melanopsin

is similarly invariant with Amax at approximately 480 nm, [2OIIL2]113][L4]

Although melanopsin phototransduction is only activated at moderate light levels (when rods are
saturated), ipRGCs and their downstream responses can be activated at considerably lower light levels. &%
Cones transfer signals to ipRGCs during abrupt light shifts at these light levels, whereas melanopsin
registers light signals when the light is steady. It was once assumed that 2500 lux of illumination was
necessary to inhibit nocturnal melatonin in humans. ¢! Later investigations have demonstrated that under
some situations, ipRGCs and non-visual systems can be sensitive to considerably lower amounts of light,

as low as 1 lux or less, in a carefully controlled environment, suppressing melanopsin. X7

Melanopsin is involved in melatonin release, phase shifting, the functioning of the human body's
biological clock, entrainment of circadian rhythms, hormone production, mood regulation, and cognitive
and emotional processes, among other non-image-forming visual activities. 811911201 Melatonin secretion
is lower during the day and keeps the body alert; it is higher at night and makes people feel weary and

drowsy.

Blue light exposure during the day was beneficial in avoiding light-induced melatonin suppression
at night, but blue light exposure before sleep had the reverse effect 2% Exposure to light at night has also
been associated with negative health effects, such as breast cancer, circadian phase disruption and sleep

disorders.?4251 Both at night and during the day, bright blue light can boost human attentiveness and



performance. It was also more effective in raising body warmth and pulse rate, as well as reducing tiredness.

[22][23]

Furthermore, several recent pieces of research have looked at the connection between artificial light
and circadian rhythms, and other processes. The timing of the light intervention, on the other hand, is critical.
The use of light via closed eyelids during sleep has been shown to increase circadian alignment and sleep
wellness. 1 The time it takes to fall asleep is lengthened, the circadian clock is delayed, levels of the sleep-
promoting hormone melatonin are repressed, the amount and timing of REM sleep are reduced and delayed,
and the following morning alertness is diminished, according to studies.!?12812%120] Blocking blue light
dramatically decreased LED-induced melatonin suppression in the evening, lowering attentive attention
and subjective alertness, increasing sleep quality, and even treating the seasonal affective disorder,

according to some research (SAD). 4132133

2.1.2.2 Neuropsin

Melanopsin and neuropsin have both been shown to control circadian rhythms. B4BSIETIRods, cones,
and melanopsin-expressing, intrinsically photosensitive ganglion cells in the retina synchronize animals'
behavioral circadian rhythms to light/dark cycles. The mammalian retina's molecular circadian rhythms are
also synced to light/dark signals. Nearly all mammalian tissues contain working, autonomous circadian
clocks that must be synced to the 24-hour day.4 Neuropsin is required for retinal photoentrainment of the

local circadian oscillator, according to recent studies. &8

While previous studies have suggested that humans might express opsin proteins outside the eye,
there was little information on what functions they might influence. It was assumed that, when humans
evolved, the brain took over informing all organs of the body if it was day or night. Neuropsin is found in
the retina and skin of mice, but it is also found in the brown adipose tissue through a light-sensing

mechanism. Animals like squids, octopuses, cuttlefish, amphibians, and chameleon lizards may change



their skin color in the blink of an eye. 4 Their skin has photoreceptors that work independently of their
brain. According to recent research, skin produces its photoreceptors.

Neuropsin, commonly known as Opsin 5 or OPN5, is an opsin with a low degree of homology to
other opsins. B It has a peak sensitivity in the UV region. OPNS5 is highly conserved and sensitive to visible
violet light, with an absorption peak at 380 nm. B8 With violet light, they suppress brown adipose tissue
activity and maintain a constant body temperature. The research actively demonstrates that OPN5 allows
brown adipose tissue to create heat and elevate body temperature in the absence of violet light. This
obstructs the body's ability to break down lipids and carbohydrates, potentially leading to metabolic
disorders. In addition, neuropsin-expressing retinal ganglion cells appear to have a significant role in
reducing myopia development in humans, according to current studies. Both the time of day and the retinal
expression of the violet light-sensitive atypical opsin were factors in the violet light effect. 7]

Although the neuropic spectral response was not explicitly discovered in CIE S 026/E:2018 as an
opsin linked to human ipRGC-influenced reactions, it remains an intriguing aspect of the scientific inquiry

into human physiological and psychological responses to light.

2.1.3 Metrics
2.1.3.1 Photopic Lux

Illuminance is the amount of light incident on a surface per unit area and is calculated using the
CIE spectral luminous efficiency V(A) which represents the relative spectral response of the human eye for
photopic vision (Photopsin, OPN1). The unit of illuminance is Lux (Lx, lumens per square meter) or
footcandles (lumens per square foot). 1 foot candle = 10.76391 lux. Luminance is the amount of light
coming from a light source or a reflecting or transmitting surface, in a given direction, and is calculated
using the CIE spectral luminous efficiency V(L). The units of luminance are candela per square meter,

cd/m2. @



Providing the appropriate lighting levels is necessary for health care providers and patients. WELL
Building Standard, the first building certification system to focus exclusively on health and wellbeing,
provides general recommendations for all building typologies. Lighting Guidelines from WELL are mainly
for human general health. What has yet to be explored is the specific metrics for children and the right tool
for lighting designers, architects, and engineers to quantify the impact of lighting on health.

The Recommended Design Standards for Advanced Neonatal Care provides constraints of current
practices, after meeting the prerequisites of energy code and visual comfort objectives. Several variables
drive the study: (1) light sources, (2) source spectrum, and (3) views.[*) Recommended light values for the
general exam are 500 Lx on the horizontal surface and 200 Lx on a vertical target. % Based on the NICU
Design Guidelines the recommended range of ambient illumination levels of any plane at each bedside
needs in the range of 10- 600 lux (1 to 60 foot candles). However, this guideline may not be appropriate
when considering daylit rooms as daylit rooms have higher light levels. The supplemental electric lighting
must be able to provide at least 2000 lux at the baby bed's plane, and it must be framed so that no more than
2% of the luminaire's light output goes beyond its illumination field. ©2

Anderson et al.* and Mardaljevic et al.**! used a threshold but divided the day into three distinct
periods to accommodate changing biological effects depending on exposure time: “circadian resetting”
from 6:00-10:00, “alerting” from 10:00-18:00, and “light avoidance” from 18:00-6:00.

For night lighting at healthcare facilities, below 300 lux can still provide adequate light for
achromatic visual tasks (e.g., reading black font on a white paper). Very modest light levels, no more than
60 lux on horizontal surfaces using warm white light, 2700 K is enough for minor visual tasks without
circadian disruption but may not provide alertness. % The Illuminating Engineering Society (IES) RP-29-
16 recommends ¥ that patient room night lighting consider using a low level, less than 5 lux of warm,
2700 K light sources. This suggests that a dim-to-warm strategy that decreases the correlated color

temperature of the light and the luminous flux could benefit circadian entrainment at night. %
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2.1.3.2 Equivalent Melanopic Lux

Lux has always been an essential consideration in lighting design for visual tasks. Light also affects
the release of an essential hormone, melatonin, which helps regulate sleep and wakefulness cycles. Thus,
“melanopic lux” is a new metric that more accurately quantifies how the lighting in an interior space affects

the melanopic response of occupants in a given environment.

Based on the standard of WELL, melanopic lux is the light measurement by quantifying the
stimulus degree of light source response to Melanopsin. The higher the melanopic lux, the lower the
secretion of melatonin. The higher the melanopsin, the more the secretion of melatonin, and the more likely
it is to feel sleepy. The llluminating Engineering Society (IES) RP-29-16 recommends the use of controls
for task lighting that are kept in sync with light or increasing illumination in the blue spectrum during

daytime. &

Equivalent Melanopic Lux (EML) is a measure of light’s effect on stimulating the circadian system
compared to the visual system. It is weighted to the melanopic response curve instead of to the photopic
response curve (a.k.a. lux or photopic lux). 1 EML is typically measured on the vertical plane at the eye
level of the occupant. 31 Based on the WELL v2 Q1 2022, electric lighting should reach at least 275 EML
for workstations utilized during the daytime, and at least 180 EML for projects with enhanced daylight. For
all workstations in frequently inhabited places, the light levels are reached for at least four hours (beginning
by noon at the latest) at a height of 18 inches above the work plane. Electric illumination is essential for
residential units to achieve the same aim. Furthermore, the light levels can be dimmed. Specifically, if

automated lighting is used, it is automatically dimmed after 8:00 pm. 7]

2.1.3.3 Equivalent Neuropic Lux

To compare with photopic lux ad melanopic lux, neuropic lux was defined as the light measurement
by quantifying the stimulus degree of light source response to neuropsin. Equivalent Neuropic Lux, ENL
is a measure of light’s effect on stimulating UV-induced productions of melatonin compared to the visual

11



system. It is a proposed alternate metric that is weighted to the neuropic curve, as defined in ENL is
measured in the vertical plane at the occupant's eye level .3 Due to the absence of established recommended
ENL ranges, this research decided to use the melanopsin criterion, which is 275-1100 comparable neuropic

lux. The maximum value was set as the light levels are reached for at least four hours.

2.1.3.4 Photon Flux

Photon flux, commonly used in biology studies, is the number of photons (in pmol) per second and
unit area on a surface is given in LE (LEinstein; 1 Einstein Equals energy of 1 mole of photons/m?s). 81 As
shown in figure 2.5, blue light requires fewer photons for the same light intensity since each photon has a
higher energy content. The photon flow is crucial in determining the number of electrons produced by a
solar cell. As the photon flux does not give information about the energy or wavelength of the photons, the

energy or wavelength of the photons in the light source must also be specified. 1

V

Figure.2.5 For same light Intensity, Blue Light Requires Fewer Photons 1!

A photon has a distinct energy Ep which is defined with Planck constant h = 6.63 x 1034 (Jes);

speed of light ¢ = 2.998 x 108 (m/s); frequency f (s*-1); wavelength A (m).”¥ Irradiance in photon flux is
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converted using Equation 1. Thus, the energy of a mole of photons of a given wavelength is E, Na where

Na=6.022 x 1023 mol»-1. 149

Equation 1

The spectral irradiance, the most common way of characterizing a light source, can be determined
by converting the photon flux at a given wavelength. [48]“°1 The photon flux can be determined by
converting the number of photons to pmoles of photons using Equation 2, where Np is the number of
photons per second and surface unit and can be calculated from the irradiance (I) by the nm value for A. In
summary, Equation 3 applies to the conversion of irradiance [W/mZ into quantum flux [LE] when

wavelength is expressed in nm.[49]5%

NP 2
Eor = Nox 1076 [pmol/(m*= s)]
Equation 2
‘ :IxAx5.03x1015[m‘zs_1] = %A % 0.836 x 102 [umol/(m? s) =
oF 6.02 x 1017 [pmol 1] ' hmol/(m” s) = uE]
Equation 3

2.2 Neonatal Intensive Care Unit (NICU)

Every child born before 28 weeks of pregnancy is considered extremely premature. Many grow up
with a variety of chronic conditions, ranging from damaged eyesight to under-developed lungs and immune
systems that make them prone to poor outcomes even when routine infections occur F8IE7IEE They might
spend months in the hospital as medical staff tries to get them closer to a normal-term birth at 40 weeks.
Newborn intensive care is described as the treatment of medically unstable or severely ill newborns who
require 24-hour nursing, complex surgical procedures, continuous breathing support, or other intense

treatments.>%
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2.2.1 NICU Design

The NICU is designed to protect the physical safety of infants, families and staff and designed to
minimize the risk of infant abduction. Contemporary designs contain sufficient single-family rooms to meet
the needs of parents who expect to stay with their babies. compared to multi-patient rooms, private (single-
family) rooms provide for a better potential to create tailored and private surroundings for each newborn
and family. However, to provide appropriate space at the bedside for both caregivers and families, these
rooms must be larger than an infant space in an open multi-bedroom design, with extra bedside storage and
communication capabilities to minimize caregiver isolation or excessive movement. A private patient room
intended for a single baby and his or her family should have a minimum size of 180 square feet (16.7 square
meters) of unobstructed floor area, according to the 9th edition of the Recommended Standards for
Newborn ICU Design.% Each room is intended to provide the newborn and family with visual and speech
privacy, as well as a comfortable reclining chair for skin-to-skin care and a reclined sleep surface for at
least one parent. When feasible, a second parent's sleep surface, a bathroom, a shower, and lockable storage
for parents should be given. The purpose of giving parents sleep space is to remove impediments to their
engagement and enhance connection.

To improve the quality of cleaning, durability, a desirable ambient sound level, and high indoor air
guality, the room's comprehensive design should include the flooring, wall finish material, and acoustic
ceiling as a system. 5% Only flooring materials with a light reflectance value of less than 30% are

advised. A1

2.2.2 NICU Lighting Requirements

Traditional approach and existing NICU standards believe that hospitals strive to maintain sterile,
quiet, and dark environments to mimic conditions in the womb by given ambient lighting levels in infant
spaces shall be adjustable through a range of at least 10 to no more than 600 lux and it also does not require

outside the window. % Also, the two existing NICU design standards recommend having windows only
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intended to encourage and support family engagement. 01521 The goal was to establish an environment that
encouraged early mother-infant bonding by providing family accommodations and amenity areas across
the unit and inside patient rooms. (5015111521 53]

If exterior windows are available, they should be placed carefully to minimize direct sunlight
reaching the child and causing glare. Where a window or skylight is provided, external windows in infant
spaces or infant rooms must be glazed with a maximum U value of 0.50 and must be located at least 2 feet
(0.6m) away from the infant bed.

Many hospitals and offices’ glazing systems typically are composed of laminated glass might not
provide proper light since having coatings that block crucial wavelengths, the penetration of the violet range
of light. %1 Thus, just bringing neonates closer to windows might not provide the full range of spectrum
environments for healing. Also, it is necessary to control and manage the amount and the spectra of light
in neonatal care, and determine what intensity, quantity, spectrum, timing, duration, spatial distribution,

and adaptation photic history are most important for supporting premature infants’ development.

Control of electrical illumination in infant areas should be capable of adjustment across the
recommended range of ambient illumination levels, as measured on any plane at each bedside. #° Separate
procedure lighting shall be mounted at each infant bed. Furthermore, as mentioned previously, just placing
newborns closer to windows may not offer adequate light since many hospital and workplace windows
have coatings that exclude important wavelengths. Likewise, delivering daylight light that can't be fine-
tuned for individual patient needs isn't enough. Electrical lighting in baby spaces should also be adjustable
over the appropriate range of ambient lighting levels, as measured on any plane at each bedside. B
Temporary increases in illumination needed to check a newborn or execute a treatment should be possible
without impacting other newborns if it is a twin patient room.

Controls for both natural and electric light sources should allow for instant dimming of any bed
position. Since bright light may be both uncomfortable and detrimental to the growing retina, every effort

should be taken to keep direct light out of the eyes of infants. Shading devices should be simple to use so

15



that they may be used at different times of the day. Procedure lights that can be adjusted for intensity, field
size, and direction will assist shield the infant's eyes from direct exposure while also providing the best
visual support for the staff. Instead of a floor stand, the process light should be positioned on the headwall,
ceiling, or incubator. B

The spectral properties of the light, brightness levels, duration, and time of exposure should all be
addressed since the circadian reaction of people to light is reliant on the light that enters the eye. To simulate
light entering the user's eye, the light levels must be attained on the vertical plane, at the eye level of the
occupant.* It is also important to consider the duration of exposure to light, as well as the timing of
exposure. Bright light stimulation of the circadian system at night might have a detrimental influence on

sleep quality.

2.2.3 Opsin Influences on NICU Infants

Recent research demonstrated that circadian light had a favorable impact on newborn development,
including the brain, eyes, immune systems, and other metabolic processes. FARSIECIETEE Newborn light
exposure affects the development of the retina, many preterm infants raised under the artificial lighting of
a NICU do not experience normal eye development. Opsins deep within the brain directly sense specific
wavelengths of light that are found in daylight but not typically in artificial lights. Also, in 2013, their
research shows that newborn light exposure affects the development of the retina, explaining that partially
explains why so many preterm infants raised under the artificial lighting of a NICU do not experience

normal eye development.
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2.3 Simulation Tools to Calculate Visual and Non-visual Effects of Lighting

2.3.1. Physical Stimuli and their Simulation

CIE Standard Colorimetric Observers 1931 and 1964 are two sets of standard color matching
functions adopted by the CIE for color vision as shown in figure 2.6. The main premise of color matching
functions is to modify the respective radiant powers to match the color of any light stimulus with additive
combinations of three primary stimuli. Humans are trichromats, meaning they see color through three
different types of cones in their retinas. That is, at the retina, the complete spectrum of incident stimulus is
condensed to three signals. As a result, presenting color stimuli in three dimensions is both possible and

practicable, 45561

r '

1.5 '{—\

]\

r,é\\

Tristimulus values

1
[ ’ ~ \
. / .« \
0.5 L - S
[/ 1 \
- % e,
0 4 - = P ; - — = ; .
425 475 525 575 625 675 725 775

Wavelength

— 19y — 10° x

== =ty = = o= APz

Figure 2.6 CIE 1931 (2°) and 1964 (10°) Standard Colorimetric Observers x(3), y(%), z(2). B7

CIE uses CIE XYZ color space to define standard colorimetric observer. The XYZ system was
designed for 2°viewing fields and is used by the CIE 1931 Standard Colorimetric Observer. The color
matching functions, x(1), y(A), and z()), weight the spectral power distribution of any stimuli to produce
the CIE XYZ values. It's worth noting that y has been chosen to match the spectral luminous efficiency
function for photopic vision, OPSN1, which is the CIE 1924 Standard Observer, Standard Observer
response curve, V(A). Cone vision and brightness levels of more than 3cd/m2 are relevant. As a result, the
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1931 Standard Colorimetric Observer integrates color matching and heterochromatic brightness matching

qualities into a single system. 41551
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Figure 2.7 An Example on the Calculation of the CIE XYZ Tristimulus System. 71

Color can be represented in a two-dimensional space using CIE Chromaticity Coordinates. CIE
chromaticity coordinates, x, y, and z are the fractions of CIE X, Y, and Z values to their summation,
respectively. Because the total of X, y, and z equals unity, it is possible to get a two-dimensional
representation by removing the z value. The CIE Chromaticity diagram (x,y), which is presented in a
rectangular coordinate system (Fig.2.8), is used to establish chromaticity coordinates by convention. 54158l
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Figure 2.8 CIE 1931 Chromaticity Coordinates. !
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The correlated color temperature (CCT), which approximates the absolute temperature of a
blackbody whose chromaticity is closest to that of the light source, is often used to assess the color attributes
of light sources. Iso-temperature lines, which are short straight lines that cross the Planckian locus, make
calculating the CCT for any light source that is not on the Planckian locus easier. As the chromaticity of
the light source moves away from the Planckian locus, the metric becomes inefficient. Hernandez uses
chromaticities calculated from our measurements of nearly 7000 daylight and skylight spectra to test an
equation that accurately maps CIE 1931 chromaticities x and y into CCT in Equation 4, where the

coefficients are listed in Figure 2.9 and n is defined by in Equation 5.5%

CCT=Ap+Arexp(-n/t) +Azexp (-n/t)) + Asexp (-n/ t3) Equation 4

n=(X-Xe)/(y-VYe) Equation 5

Valid CCT Range (K)

Constants 3000-50,000 50,000-8 x 10°
x, 0.3368 0.3356
¥. 0.1735 0.1691
A, —949.86315 36284.48953
A, 6253.80338 0.00228
£ 0.92159 0.07861
A, 28.70599 5.4535 X107
£ 0.20039 0.01543
A, 0.00004
ty 0.07125

Figure 2.9 CIE 1931 Best-Fit Colorimetric Epicenters X, ye and Constants for Eq. (4) P

2.3.2 Radiance

Radiance is a suite of tools for performing photopic lighting simulation for the calculation of optical
properties of optically complex window products including lighting, daylighting, and solar control design
to improve the energy efficiency of buildings.[5 It includes a renderer and other tools for quantifying the

simulated light levels. It uses ray tracing to perform all lighting calculations, accelerated by the use of an
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octree data structure. Radiance offers complete flexibility in terms of scene geometry and materials and has

been validated using detailed measurements,

2.3.3 LARK and ALFA

Lark multi-spectral lighting (LARK) and Adaptive Lighting for Alertness (ALFA) are the two
currently available spectral daylight simulation platforms that use spectral data of skies and materials to
perform multi-spectral, photopic, and melanopic quantities. 21631841 |_ark is a free and open-source tool that
was initially developed by a collaboration of the University of Washington and ZGF Architects LLP in
2015, while ALFA is a licensed tool that was released by Solemma LLC & Alertness CRC, in 2018.1%4
Both systems, which run directly as Grasshopper plugin in Rhinoceros 3D, were designed to calculate
circadian lighting metrics, but they can also provide visual spectrum representations of the simulated
Settings. [62][63][641[65]

When compared to RGB (Red, Green, Blue) 3 channels lighting simulations, the multispectral
simulation tools have more channels, and therefore more accurate color in format. ALFA uses 81-color
channels while Lark uses 3- or 9-channels simulations, however, it is possible to increase the number of
channels at a higher computational cost. Photopic and equivalent melanopic illuminance or luminance are
provided in their output. eI Compared to RGB (Red, Green, Blue) 3 channels lighting simulations,
the multispectral simulation tools have more channels, and therefore more accurate color in format. ALFA
uses 81-color channels while Lark uses 3- or 9-channels simulations, however, it is possible to increase the
number of channels at a higher computational cost. Photopic and equivalent melanopic illuminance or
luminance are provided in their output. (eI697OI71]

Lark's spectral resolution allows users to plan and study lighting while taking into account local
sky, outdoor context, glazing optics, surface materials, interior design, and viewer position. 9791 |t uses an

N-step method based on the physically realistic Radiance rendering engine. |t achieves a spectral
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resolution in three steps: first, it divides the spectrum of simulated light sources into three or nine
consecutive wavebands, then it runs a standard RGB simulation for each triplet of consecutive wavebands,
and finally, it combines the outputs of the three or nine-channel simulation. % For every location in ALFA's
database, the spectral sun and sky are precomputed in a radiative transfer library called libRadtran. [? It
involves employing Radiance's backward raytracing method to go back toward the sensor position,

accounting for spectral reflectance and transmittance at each material contact. (681169

To model the daylight spectrum, Lark and ALFA take quite different methodologies. ALFA utilizes
libRadtran to produce colorful skies and calculate spectral irradiance for different places and times based
on atmospheric parameters or sky luminance. 8 ALFA creates skies based on the user's location, date, and
time, and allows users to pick between different sky conditions (clear, overcast, hazy, heavy rain clouds).
[01 The normal mid-latitude summer profile of the US Air Force Geophysics Laboratory (AFGL) was
utilized in libRadtran to create spectral sun and sky for ALFA. 15179 |t replicates point-in-time occurrences,
and annual simulations are not possible owing to the requirement of entering user-specified sky types. [68
However, because this method depends on historical atmospheric data and uses radiative transfer models,
it takes specialized knowledge, and its photopic illuminances differ from normal Radiance8 simulations
that employ CIE or Perez sky models. [58]

LARK models the spectral sky with an observed or assumed global horizontal sky spectra or CCT,
encompassing the sky and the sun. The skydome is colored with the global horizontal spectra. The default
sunlight in LARK is simulated as 5,455 Kelvin equal-energy white, however, it may be changed to a certain
spectral power distribution (SPD) or CCT. 8l |_ark may employ CIE and Perez skies, with an user input
or measured global horizontal CCT. CCTs are not part of standard weather files but they can be recorded
using a spectroradiometer or colorimeter. 8111 Based on direct and diffuse global horizontal irradiance, an
improved LARK weighs the CCT of the sun and sky. When a user specifies a CCT, it must be converted to
spectral irradiance data using the Wyzsecki and Stiles formula, which is a proven approach to create full-

spectrum data for CCTs ranging from 4,000 to 25,000 K. %8171 |n the realm of architecture and daylighting,
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Inanici et al. used spectral sky from observed CCT values to examine interior settings for circadian and
photopic lux.[®® /% The precision of measured spectrum irradiance data is higher than that of the CIE
illuminants, which reflect standard sky conditions. " This approach needs in situ observations from an
unobstructed site and does not depict color change over the sky-dome. [ In general, the sky color spectrum
proved difficult to manage in our simulations since, unlike ALFA, Lark relies on the extra input parameters.
(71

A few studies have used LARK and ALFA to perform multi-spectral simulations under measured
and computed spectral skies experienced exterior and interior, respectively. 68BN AL FA simulates
the spectra of direct and diffuse radiation independently by modeling the sun using the alien solar spectrum
and traveling through an atmospheric profile.[f®l’% In comparison to measurements, Balakrishnan et al.
found that Lark generates the closest color coordinates to HDR captures, richer color information, and the
most accurate SPD for dim morning and evening sky represents, whereas ALFA works best for clear skies.
[7%1 ALFA and Lark simulations produced similar results for sensitivity to material reflectance spectrum and

glass transmittance spectrum, (69170171

a) Lark b) Coloured- c) ALFA Sky d) HDRI Sky

CIE* Perez? Perez

a) Lark skies b) Coloured- | c) ALFA Sky d) HDRI Sky

CIE Perez? Perez

J

Figure 2.10 Comparison of HDR and mathematical models for a cloudy sky and a clear sky condition [
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2.3.4 Electric Light

Although daylighting has better performance than electric light in terms of circadian efficacy, the
ability to incorporate electric lighting into a model is critical because all buildings have electric lighting
and daylight may not provide sufficient light levels depending on the building design and daylight
availability outside. [ The pattern of the normal daily cycle has changed dramatically in contemporary
times. According to the data from the Environmental Protection Agency (EPA), 96 percent of adult human
life is spent inside. ¥ Daylight may not be sufficient, and electric lighting can be harmful when light
stimulus is provided at biologically disruptive times. Most threshold-based evaluation criteria that do not

account for time of light exposure continue to have this restriction.[*?]

Electric light sources are included in simulation software through IES file format. IES format
represents measured luminous intensity values in three dimensions; however, IES files do not include
spectral information. 181 ALFA and Lark overlay the IES luminous intensity data with manufacturer-
provided spectral power distribution (SPD), resulting in color corrected presentation that retains the same

luminous flux as the original IES data.

Electric light sources are included in ALFA through import of IES files, an industry standard format
for representing measured luminous intensity information in three-dimensions; however, IES files do not
include spectral information. ALFA applies a user-settable spectral power distribution (SPD) on top of the
IES luminous intensity data, and the result is a spectral intensity adjusted to maintain the same luminous
flux as the original IES data.[® Based on its spectral computations, ALFA calculates melanopic illuminance,
photopic illuminance, and M/P ratios, which it may display over a work plane sensor grid or a vertical
sensor grid.[ The whole spectrum irradiance of the work plane and vertical sensor data can be exported
as a comma separated value (CSV) file and the analysis result can be only available in ALFA as shown in

figure 2.11.064
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Figure 2.11 ALFA Interface for Displaying Melanopic Vertical llluminance and Hyperspectral Renderings

[77]

LARK can simulate electric lighting sources by using spectral candle power distribution curves to

simulate light distribution and spectral power distribution curves to simulate color content.
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Chapter 3 Methodology

The workflow described in this section combines spatial grid simulation across a 2D surface
which can provide an accurate value for each test spot and a human-centric approach that represents an
immersive evaluation of space with hemispherical fisheye images. These simulations have been
developed to assess daylight and electric light to predict health potential, visual and non-visual impact
within different occupants' views, and other related design and operational parameters in NICU. The
simulation workflow is intended to help designers and researchers to perform a holistic assessment of the
luminous environment in NICU as it impacts intended functional use and design.

Section 3.1 will describe the integration of the general simulation workflow of this research.
Section 3.2 will introduce the Grasshopper grid tool, revised based on LARK 1.0, which allows users to
perform conventional spatial grid-based illuminance simulations and luminance maps. The NICU patient
room setup is introduced in Section 3.3. This room models an existing NICU, and selected parameters are
explored through simulation and analysis. In Section 3.4, the threshold values for the various performance
indicators are determined using the three opsins described in the previous section. The evaluation criteria

(minimum, maximum, or recommended values are discussed.

3.1 Simulation Workflow

The main technique is a grid-based simulation of the room space, and it is based on two sets of
NICU occupants: i) clinicians or families and ii) patients. For each time and date specified for the study, a
series of grid simulations and hemispherical fisheye renderings are generated from these view spots. The
fisheye rendering images are created from a single viewpoint. The hemispherical fisheye images with a
180-degree view range provide a full human field of view in a given direction and provide a more direct
sense of space. The grid simulation result focuses on the quantity of light for opsin stimulations; the

values are evaluated using the threshold values provided in Section 3.4.
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3.2 Simulation Tool

The original version of the Lark Multi-spectral Lighting system (beta versions and Lark 1.0) was
initially adopted for this study, but a new version has been developed to accommodate changes. The
authors modified the coefficients for multi-channel calculation based on information from Dr. Inanici &4,
added electric lighting simulation based on information from ZGF Architects 2, The grid simulation and
visualizations are customized based on NICU settings. The sections that follow outline the changes made

to Lark 1.0 as part of the thesis work.

3.2.1 Multi-Spectral Lighting Channel Divisions and Calculation

In typical lighting simulations, the full spectrum is reduced to 3 channels (red, green, and blue,
which is also what is known as RGB) for computational efficiency. In Radiance software, these intervals
correspond to 586-780 nm for red, 498-586 nm for green, and 380-498 nm for blue (Table 1). These
channels determine the color and reflectance properties of surface materials, and the color and luminance
flux of electric light sources. Table 1 and Equations 6-8 show the coefficients used in Lark (version to be

released) for 3 channels to calculate OPN1, OPN4, and OPN5. Therefore, to calculate radiance channel

divisions, for 3-channel:

Table 1. Spectral Intervals and Coefficients for 3 Channels

Channels | A (nm) | A (nm) OPN1 OPN4 | OPN5

R 568 780  |0.049591265 0.000061 0

G 498 568  [0.081085718 0.000296 0

B 380 498 [0.130177072] 0.0017 0
OPN 1, llluminance = 179 * (0.265 * R + 0.67 * G + 0.065 * B) Equation 6
OPN4, EML = 179 * (0.021 R + 0.3911 * G + 0.6068 B) Equation 7
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OPN 5, ENL = 179 * (1 * B) Equation 8

The multi-spectral rendering approach allows us to increase the channels so that the color
simulations are more accurate. 9-channel designation further divides the RGB channels into 3 channels
each, which have 3 channels for blue, 3 channels for green, and 3 channels for red. In the revised version,
the spectral intervals were rearranged for efficient distribution of coefficients for each channel, shown in

Table 1. Equations 9-11 give the calculation of the new 9 channels method for each opsin.

Table 2. Spectral Intervals and Coefficients for 9 Channels

Channels A(nm) | A(nm) OPN1 OPN4 OPN5
R3 630 780 | 0.049591265 0.000061 0

R2 608 630 | 0.081085718 0.000296

R1 587 608 | 0.130177072 0.0017 0

G3 558 587 | 0.259754249 0.019 0

G2 529 558 | 0.250355905 0.1033 0

Gl 499 529 | 0.164071102 0.268843 0

B3 459 499 | 0.055590209 0.4165 0.00007
B2 419 459 | 0.009098397 0.1784 0.0948
B1 380 419 0.0003 0.0119 0.905131

OPN 1, Hlluminance = 179 *(0.130177072 * R, + 0.081085718 * R, + 0.049591265 * R; +
0.164071102 * Gy + 0.250355905 * G2 + 0.259754249 * Gs + 0.0003 * By + 0.009098397 * B, +
0.055590209 * Bs) Equation 9

OPN4, EML =179 * (0.0017 * Ry + 0.000296 * R, + 0.000061 * Rz + 0.268843 *G; + 0.1033 *
G, +0.019 * Gs + 0.0119 * B; + 0.1784 * B, + 0.4165 * B3) Equation 10

OPNS, ENL =179 * (0.905131 * B; + 0.0948 * B, + 0.00007 * B3) Equation 11
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There are no restrictions on the number of channels that can be simulated, but simulation time
increases with more channels. Studies show that a 9-channel approach is sufficient for daylighting, and

for most electric light sources. (8

3.2.2 Grid Simulations (Illuminance)
3.2.2.1. Grids and Views

In this revised tool, testing grids can be set up by selecting a 2D surface, (usually the floor of the
space for horizontal illuminance measurements) and offsetting the grid plane to match the task surface
(such as a table or patient bed). For vertical tasks, users can offset the height of the simulation surface to

an eye level and grid orientation to the direction of eye gaze.

The tool allows the view to be set up in two options as shown in Figure 3.1. One is from clinician
and family views with four or eight vertical directions at human eye level, presenting the field of view
when they look around. The other is from the patient's view lying in the bed and looking up to the ceiling.
The human eye level was set up as 5’°4”” (1.67m) from the floor and the patient’s eye level was

approximately equal to the infant incubator height, 4’ (1.22m)
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Ee >

(@ (c)
Figure 3.1. (a) Examples of Grid Simulation Results for Clinician and Families View of Four Directions
and for Patient View with One Direction (b) Examples of Fisheye Rendering of Clinician/Families View

facing South and (c) Patient View Facing the Ceiling.

3.2.2.2. Evaluation Criteria

Computed metrics included photopsin (OPN1), melanopsin (OPN4) and neuropsin (OPN5) to
compare the visual and nonvisual effects of light on health in Neonatal Intensive Care Units.

Based on LEED v4.1 IEQ-DAYLIGHT (option 2), the criteria for photopsin (OPN1) were
required to demonstrate illuminance levels between 300 lux and 3,000 lux. And according to the standard
of WELL, V2, Q1 2022, for space used during the daytime, electric lighting is used to achieve for at least
275 Equivalent Melanopic Lux (EML) [ at least four hours (beginning by noon at the latest) at a height
of 18 inches above the work-plane for all workstations in regularly occupied spaces. And the light levels
are achieved on the vertical plane at eye level to simulate the light entering the eye of the occupant. The
maximum value of melanopsin (OPN4) is set as getting it for four hours, which is 1100 EML in this
study. This value does not mean that values above 1100 EML are excessive, it means that the lower value

will entrain the system in four hours, and the upper value will suffice after one-hour exposure. Values
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above 1100 EML do not cause discomfort, they simply do not offer further benefit. For neuropsin
(OPND), due to the absence of established criteria, the criteria of melanopsin is adopted, resulting in a

range of 275 - 1100 Equivalent Neuropic Lux (ENL).

3.2.2.3 Visualization

The color of the legend bar uses a typical false color for photopsin (OPN1) which represents the
visual stimuli, Gray to dark blue legend is adopted for melanopsin (OPN4), and gray to violet for
neuropsin (OPN5). The different false color ranges for OPN4 and 5 were purposefully selected to
differentiate the metrics from the visual response. Blue and violet were chosen to remind the audience of
the peak sensitivities of OPN4 and 5. A similar approach was not adopted for OPN1, as a typical false

color for visual response includes multi-range colors as shown in Figure 3.2.

7 o - -
L ~

i 275 100}

Underlit Proper i Overlit Underlit : Proper
Minimum Maximum Recommended min Four Hours
@ (b)

Figure 3.2. Criteria and Legend Bars for (a) Photopsin, (b)Melanopsin, and Neuropsin.

The visualization of the tool, shown in Figure 3.3, provides a 2D dots graph with numeric values
with colors on each dot for patient view or each piece for clinician views. False color is used to represent
for OPN1, measurement points shown in red are over lit, and all of the other dark blue measurement
points do not receive good lighting. For melanopsin and neuropsin results, the gray color corresponds to

the minimum recommended levels, darker blue, and darker violet represents higher circadian stimulation
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and black means that the value is lower than the criteria. Users can switch the bar to show the percentage
of room area higher, under, and lower than the criteria mentioned in Section 3.1.2.3. Test points' location,

values for each opsin, and percentage information is automatically written in an excel file that can be

saved by the users.
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Figure 3.3. Demo of the Grid Simulation Result of Photopsin, Melanopsin and Neuropsin.

3.3 Simulation Setup and Model

3.3.1 Location

The location was selected in Seattle (latitude: 47.6062°N, longitude: 122.3321°W). The sky

spectral data were collected at the roof of Gould Hall, University of Washington.

3.3.2 Weather, Date and Time
3.3.2.1 Point-in Time Simulation

To give a method for calculating sky luminance in daylighting design procedures, CIE has
mathematically developed 15 different universal basis sky conditions. The initial simulations used the
solstices and equinox with CIE sky models and a probable CCT value associated with the sky

type. Among these sky conditions, intermediate, overcast, and clear skies have been widely used in

31



daylighting simulations all over the world. In LARK, the sky uses measured spectral sky irradiance, and
the sky condition is determined by the global horizontal irradiance input to Radiance gensky or gendaylit
commands. The skies in standard lighting simulation tools are grayish white but in real life, the sky color
ranges from gray to blue, and there is variability across the sky dome. In Lark, the color of the sky is
based on Correlated Color Temperature, CCT, which is a measure of light source color appearance
defined by the proximity of the light source's chromaticity coordinates to the blackbody locus. March 21

was modeled as an intermediate sky with a CCT of 5000K, June 21 as a clear sky with a CCT of 25000K,

Relative Spectra

Mar 21 (S000K
( ) Wavelength (nm)

i

380 480 580 680 780
Wavelength (nm)

and December 21 as an overcast sky with a CCT of 7000K as shown in Figure 3.4.
;.
| -y
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Jun 21 (25000K)
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Figure 3.4. Sky Rendering in Lark, False Color Graph and Spectral Curve of CIE Intermediate (5000K)
for March 21%, Clear Sky (25000K) for June 21% and Overcast Sky (7000K) for December 21%. Diagrams

by Mehlika Inanici.

3.3.2.2 Time Periods Simulation
In the second phase of simulations, instead of using assumed CCT values, sky spectral and irradiance

measurements collected under naturally occurring skies are utilized. This approach is useful for
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guantifying the impact of actual sky spectra on visual and non-visual light metrics. The measured sky-
spectra is modeled based on the data collected from a cosine-corrected spectrophotometric sensor,

mounted on the roofs of Gould Hall, which measures the spectrum of daylight in Seattle (Figure 3.5).

Figure 3.5. A Spectrometer on the Roof of a Gould Hall is Measuring the Spectrum of Daylight in Seattle.

Photo by Mehlika Inanici

To get the full-wavelength sky spectra data and sky CCT, the raw data is calibrated through a
Python script and processed with Colour, which is a Python-based color science package. " This package
implements color theory transformations and algorithms, to calculate CIE XYZ, xy chromaticity
coordinates, and CCT. ["® The author utilized the Hernandez et al. method to quantify CCT from spectra.
9 The calculations steps include:

1. The time stamps are organized.

time 337.71 338.17 338.63 339.09 339.55 340 340.46 34092 34138 .. 819.89 82039 820.89 821.39 821.89 822.39 822.89 823.39 823.89 time_cvt
0 20210604161252 20.0 19.0 21.0 13.0 250 17.0 22.0 23.0 250 .. 9190 9330 9480 9590 9520 9340 9300 8920 8850 2021-06-04 16:12:52
1 20210604161353 22.0 18.0 22.0 23.0 250 280 19.0 220 240 .. 9100 9350 9450 957.0 9540 941.0 9180 8940 887.0 2021-06-04 16:13:53
2 20210604161454 21.0 17.0 24.0 310 21.0 220 23.0 23.0 260 .. 9130 9340 9490 9530 953.0 9390 9310 8920 8780 2021-06-04 16:14:54
3 20210604161555 21.0 25.0 26.0 200 17.0 230 27.0 21.0 260 .. 9130 9300 9480 9500 9520 9330 9250 8970 879.0 2021-06-04 16:15:55
4 20210604161656 20.0 20.0 200 260 230 190 21.0 27.0 190 .. 9130 9330 9550 981.0 9600 9420 9240 8990 880.0 2021-06-04 16:16:56
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import numpy as np

2. The irregular wavelength columns are converted to extrapolated into integers.

for col in col_delta:
df[col] = np.nan
df.head()

time 337.71

0 20210604161252

1 20210604161353

2 20210604161454

3 20210604161555

4 20210604161656

3. Eliminate duplicate Full wavelength.

20.0

220

21.0

21.0

20.0

338.17 338.63 339.09 33955

19.0

18.0

17.0

25.0

20.0

21.0

220

24.0

26.0

20.0

13.0

230

31.0

200

26.0

col_needed = [str(i) for i in range(380,781,1)]
print(len(col_needed))
df.columns

col_old =

col_existed = []

for a in col_old:

g5 e

not in a:

col_existed.append(a)
# 340,793, time, time_cvt doesn't count
print(len{col_existed))

col_exist

481

13

["time',
340",
433",
452",
15147,
529",
617",
639",
677",
1692,
1753,
17937,

ed

"time_cwt']

25.0
25.0
21.0
17.0
23.0

340 34046
17.0 220
28.0 19.0
22.0 23.0
23.0 27.0
19.0 21.0

23.0

22.0

23.0

210

27.0

34092 34138

25.0
24.0
26.0
26.0
19.0

4. Sort and filter out the range between 380-780 nm.

df = df.reindex(columns=sorted(df.columns))
df.columns

Index(['337.71',
"34p.92',

'820.39', '820.89', '821.39', '821.89', '822.39',

'823.89",
dtype='object', length=1418)

'338.17',
'341.38",

"time',

df[col_delta].head()

380

0 NaN

1 NaN

2 NaN

3 NaN

4 NaN

381
NaN
NaN
NaN
NaN

MNaMN

382

NaN

NalN

NaN

MNaN

NaN

383

NaN

NaN

NaN

NaN

NaN

384

NaM

NaN

NaM

NaM

NaMN

'338.63",
'341.84",

385

NaM

NaN

NaM

NaM

NaM

'time_cvt'],

386

NaMN

NaN

NaM

NaMN

NaMN

'339.09°,

387

NaMN

NaMN

NaMN

NaMN

388
NaN
NaN
NaN
NaN

NaN

'339.55',

389

NaN

NaN

NaMN

NaMN

NaMN

771
NaN
NaN
NaN
NaN

NaM

3407,

'822.89",

772
NaN
NaN
NaN
NaN

NaM

34

"823.

773

NaN

NalN

NaN

NaN

NaN
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7mM

NaN

Nal

INEN

NaN

NaN

a9,
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NaN

NalN

NaN

NaN

NaN
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NalN

NaN

NalN

NalN

NalN
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NaN
NaN
NaM
NaN

NaN

776

NalN

NaN
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NaN NaN
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NaN NaN

NaN  NaN
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NaN
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5. The full-length wavelength value is calculated based on two nearest wavelengths by linear

approximation using Linear Method

6. CCT value is calculated using Colour-science package

# cct calculation Test

import colour

# sd_to_XYZ By default

xy = colour.XYZ_to_xy(colour.sd_to_XYZ(sd))
colour. temperature.xy_to_CCT_Hernandez1999 (xy)

7. CCT Standard deviation is calculated for each day and different periods

8. Average values are calculated.

mean_10m
mean_30m
mean_60m

mean_10m

date
2021-06-84

w encountered in exp
n / 0.07125)

temperature\hernandez1999.py:85:

df_cct_time.groupby(’'date').
df_cct_time.groupby(’'date’).
df_cct_time.groupby(’'date').

time_cvt

2021-06-04 16:10:00 3764.
2021-06-04 16:20:00 3851.
20821-06-04 16:30:00 3929.
2821-06-84 16:40:00 3856.
2021-06-04 16:50:00 3801.

CIE 1931 2 Degree Standard Observer
sd = colour.SpectralDistribution(df_fullwave.iloc[1][8:-2].to_dict())

RuntimeWarning: overflow

358/37141 [00:03<04:39,

456/37141 [00:03<04:38, 131.95it/s]D:\Anaconda3\lib\s

| 498/37141 [00:04<04:37,

6015/37141 [00:46<03:53, 133.11it/s]D:\Anaconda3\lib\s

encountered in exp

7709/37141 [00:58<03:42, 132.41it/s]D:\Anaconda3\lib\

resample('18Min")['CCT'].mean()
resample('38Min")['CCT'].mean()
resample('68Min")['CCT'].mean()

236511
489918
987039
389288
884931

131.47it/s]D:\Anaconda3\lib\s

131.84it/5]D: \Anaconda3\1ib\site-packages\co

colour\te

colour

lour

mperature\hernandez1999.py:95: Run

temperature\hernandez1999.py:94: Run

temperature\hernandez1999.py:86: Runt

021999.py:84: Run

In this thesis, data from June 9th, 2021, was selected to represent a day with variable CCTs

calculated from spectra data. Figures 3.6 and 3.7 compare the CCT value for every minute from 7:00 a.m.

to 8:50 p.m. with the solar irradiance value got from the University of Washington, Department of

Atmospheric Sciences. 81 CCT and irradiance together define the characteristics of the sky: i) CCT
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values define the color appearance of the light source in Kelvin; and ii) irradiance defines the intensity of

daylight (power per unit area).
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Figure 3.6. Scatter Diagram of CCT and Irradiance Data Per Minute June 9", 2021

——CCT ——Irradiance

21000 900

800

700
17000 <
600 £
< 13000 200 %
3 400 £
o S
300 g

L 100

5000 0

7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00
Time (Minute)

Figure 3.7 CCT and Irradiance Data Per Minute June 9", 2021, Over Time (per Minute)
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3.3.3 Electric Light

The Electric was selected from an existing children’s hospital, which is manufactured by BIOS. It
has several channels for different time periods and in this research, the author selected the daytime
scenario, which is 3500K. Comparing its normalized spectra curve with the 5000K, 7000K, and 25000K
skies, as shown in Figure 3.8, it is obvious that this electric light has a lower level for the violet range and

a higher level for the blue (490nm) and red range (630nm).

Electric Light 3500K e Sky 5000K Sky 7000K Sky 25000K

g

o o o
IN o o

Normalized Spectra Power

o
N

0
380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760 780

Wavelength (nm)
Figure 3.8 (a) NICU Light by BIOS (b)Normalized Spectra Power Distribution Curves of Bios Light with

3500K Comparing with CIE 5000K, 7000K and 25000K sky.

3.3.4 NICU Model and Simulation Grids

The author selected a single-family patient room based on an existing children's hospital designed
by ZGF Architects, shown in Figure 3.9. It was chosen as a representative example of contemporary
typical NICU patient room design in the United States, where daylight and an understanding of its
dynamics have played an important role in its design. The single-family patient room has the patient bed

in the middle and a family resting area near the window as shown in the plan (Figure 3.10 (a)). Using an
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existing typical NICU patient room where now daylight considerations were central to the architect's
design intent allows us to discuss the role of lighting on human responses to light stimuli within the
interior. The window is oriented to the south orientation, which receives the higher light levels among the

four cardinal directions. The simulation grids in this study were set up for every 0.6 meters, as illustrated

in Figure 3.10 (b).

‘Floor to Ceiling

Height, 9" ~
}g\ Ceiling Light / Wall Light
L Day 3500K, Night 2700K
o — —— - )

' ' | 1 :j__.:;'[_
o ¥ [ | e

T —— | Area s
ey il u . :7—777”743,,;;‘1*_17 =r

Average Human (Standing) . Infant

Eye Level, 5" 4" Incubator, 4

(b)
Figure 3.9. ()NICU Single Family Patient Room of Cincinnati Children Hospital, ZGF. Photo by Ryan
Kurtz and (b) Diagram based It
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3.3.5 Glazing
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Figure 3.10. (a) Single Family Patient Room Floor Plan (b) Grid Distribution of the Single-Family

To investigate the influence of the impact of different glazing systems on three opsins, glazing
options that filter sunlight and provide framed views of the surrounding landscape were identified from
existing children's hospital projects. Their spectral data was checked using Optics 6, a program for
creating glazing layers and computing spectral data for different stacks of components from the integrated
International Glazing Database (IGDB).I™® Selected four glazing with very different performances are
aimed to compare how it can influence the transmission of different spectrum ranges of light. Figure 3.11

and Table 3 depict the normalized spectral power distribution curve, transmissivity, u-value, and solar

heat gain coefficient of the four glass alternatives.
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Figure 3.11. Normalized Spectra Power Distribution Curves of Selected Glazing.

Table 3. Transmissivity, U-Value and Solar Heat Gain Coefficients of Selected Glazing.

Glazing 1 | Glazing 2 | Glazing 3 | Glazing 4
Transmissivity 46.8% 45.9% 35.5% 58%
U-Value/Summer (Btu/Hr*Sgft* °F) 0.25 0.34 0.34 0.29
U-Value/Winter (Btu/Hr*Sgft* °F) 0.28 0.31 0.34
Solar Heat Gain Coefficients (SHGC) 0.22 0.25 0.27 0.28

3.3.6 Surface Materials

To compare how surface material color can influence the performance of each opsin, the author
selected three wall surface materials, white, blue, and red walls from the Spectra Material Database. [80]
Figure 3.13 shows the rendering of using these three wall materials and their normalized spectra power
distribution curve. Other surface materials that include floor, ceiling and shade fabric (Transmissivity =

72%) were fixed. The reflectance value for opaque surfaces is shown in Table 4.
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Figure 3.13. Normalized Spectra Power Distribution Curves of Selected Wall Surfaces.

Table 4. Reflectance Value of Surface Materials

Material V(MReflectance | M(LA)Reflectance | M/P Ratio
White Wall 0.93 0.92 0.99
Blue Wall 0.19 0.35 1.91
Red Wall 0.31 0.14 0.45
Ceiling 0.89 0.88 0.98
Floor 0.52 0.41 0.78
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Chapter 4 Result and Discussion

Architectural features such as weather, orientation, glazing transmittance, surface materials, view
directions, shades, and electric light sources are design decisions that impact the luminous environment.
The resulting building shapes the lighting experience for its occupants and determines both the photopic
and circadian light exposure.

This chapter demonstrates the application of the eight scenarios for daylight and electric light
assessment using the NICU single-family patient room introduced in Section 3.3. The results for each
scenario are presented using 2D grid simulation, graphs, and fisheye rendering images to enable the
comparison of the effect of luminous environment on opsins. These results are analyzed for each indicator

and then compared and discussed with each other.

4.1. Point In Time Analysis with CIE Sky

In environments where daylight is the main source of light, multiple analyses are performed to
simulate date, time, and sky type. In this section, June, and December are selected to explore the clear,
and overcast sky scenarios. The base cases simulate using clear and CIE skies with CCT values of
25000K and 7000K, respectively. The base cases are compared to scenarios where shade fabric is used to

control glare, and electric lighting is used to supplement daylight.

4.1.1 Daylight with Supplement of Electric Light and Shade Fabric (Patient View)
4.1.1.1 June 21%, Clear Sky, 25000K

Figure 4.1.a shows a fisheye rendering from the patient view (i.e. patient lying on the bed) and
June horizontal grid simulation throughout the room for OPN1, OPN4, and OPN5 under daylight only
conditions on June 21, at 12 p.m., with clear skies (25000K). The wall surfaces are white. At this time,
the family resting area and part of the patient bed area nearby the window are glary; 20% of the room area
is over 3000 lux and 80% area of the room is between the desired range of 300 to 3000 lux. The grid

points across the entire room satisfy the minimum required Equivalent Melanopic Lux (EML) and
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Equivalent Neuropic Lux (ENL). This scene shows the potential of daylight as a primary light source in
delivering adequate light intensity and spectra to the circadian system. However, there is a glare issue in
the vicinity of the window, and it is necessary to address the problem through shade controls. Figure 4.1.b
shows that adding shade fabric decreases photopic illuminance by 16.8%, melanopic (OPN4) and

neuropic (OPNS5) illuminance by 15.1% and 16.8%.
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Figure 4.1 Photopic, Melanopic, and Neuropic Light Simulation Results for June 21%, 12 p.m., Clear Sky,

25000K, Seattle, with South facing and White Wall Surfaces: (a) Daylight Only (b) with Shade Fabric

from A Patient View
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4.1.1.2 December 21°, Overcast Sky, 7000K

Under an overcast sky (7000K) on December 21%, at 12 p.m., the daylight only setting leaves the
majority area of the room too dim and it is not sufficient for appropriate melanopic (OPN4) and neuropic
(OPNS5) stimulation (Figure 4.2.a). After adding the electric lighting composition given in Section 3.3.3,
all three opsin levels improve (Figure 4.2.b). The supplementary electric light, with its higher intensity
and blue rich spectra, raises the visual and non-visual light levels to acceptable ranges. Comparing all
three optic systems, this electric lighting recipe increases illuminance for the photopic system from 12.8%

to 100%, melanopic system stimulation from 16% to 100%, and neuropic system from 9.6% to 66%.
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Figure 4.2 Photopic, Melanopic, and Neuropic Light Simulation Results for December 21%, 12 p.m.,
Overcast Sky, 7000K, Seattle, South Facing Glazing and White Wall Surfaces: (a) Daylight Only (b) with
3500K Electric Light Source (Wall Light 5600.8 Lumens and Ceiling Lights 7695.9 Lumens) from A

Patient View

4.1.2 Changes at Different Time of the Year (Clinician/ Family View)
4.1.2.1 March 21%, Intermediate Sky, 5000K, 12 p.m.

Figure 4.3.a shows a fisheye rendering from the clinician view, standing next to the entrance door
and facing to the window. Figure 4.3.b shows vertical grid simulation throughout the room for OPN1,
OPN4, and OPN5 under daylight only conditions for March 21%, at 12p.m., with intermediate skies
(5000K). The wall surfaces are white. At this time, the family resting area is glary towards the south

orientation; 9.4% (south) of the room area is over 3000 lux. Areas nearby the entrance and cabins are dim.
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11.1% (gaze oriented to north), 78.6% (east), 31.6% (south), and 68.4% (west) area of the room is
between the desired range of 300 to 3000 lux. (Table 5)

When looking at north, east and south directions, only 11.1% (north), 24.8% (east), and 43.6%
(west) of the room area satisfy the minimum required Equivalent Melanopic Lux (EML). Looking at
south, where the window is located, 74.4% (south) of the room area is adequately lit. For Equivalent
Neuropic Lux (ENL), only 0.9% (gaze oriented to north), 14.5% (east), and 16.2% (west) of the room
area achieve the 275 Equivalent Neuropic Lux (ENL) goal. Similar to melanopsin stimulation, 64.1%
(south) of the room area satisfy the minimum required Equivalent Neuropic Lux (ENL). (Table 5)

This scene shows that the potential of daylight as a primary light source is able to give adequate
light intensity to perform visual tasks but cannot provide enough circadian entrainment unless facing to
the window (south) in March. However, there is a glare issue in the vicinity of the window for clinicians
and families when they are facing west, east and south but it is acceptable when they are facing the patient

bed direction (north).
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Figure 4.3 Photopic, Melanopic, and Neuropic Light Simulation Results for March 21%, 12 p.m.,

Intermediate Sky, 5000K, Seattle, with South facing and White Wall Surfaces with Daylight Only from A

Clinician/Family View
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Table 5. Percentage of the Room Area Under the Criteria of Photopsin, Melanopsin and Neuropsin on
March 21%, 12 p.m., Intermediate Sky, 5000K, Seattle, with South facing and White Wall Surfaces with

Daylight Only from A Clinician/Family View

North East South West

OPN 1 (Lux) 300- 3000 11.1 78.6 31.6 68.4
> 3000 0 0 9.4 0

OPN 4 (EML) >= 275 11.1 24.8 74.4 43.6

OPN 5 (ENL) >=275 0.9 14.5 64.1 16.2

4.1.2.2 June 21%, Clear Sky, 25000K, 12 p.m.

Figure 4.4.b shows vertical grid simulation throughout the room for OPN1, OPN4, and OPN5
under daylight only conditions on June 21, at 12 p.m., with clear skies (25000K). The wall surfaces are
white. At this time, the family resting area has a glare problem; 0% (gaze oriented towards north), 11.1%
(east), 30.8% (south), and 11.1% (west) of the room area is over 3000 lux and 98.3% (north), 59.8%
(east), 59.8% (south), and 88.9% (west) area of the room is between the desired range of 300 to 3000 lux
(Table 6).

The grid points across the entire room satisfy the minimum required Equivalent Melanopic Lux
(EML) when facing north, south, and west in general. 32.5% (east) and 9.4% (south) of the room area,
where it is blocked by the bathroom in the corner, is lower than 275 Equivalent Melanopic Lux (EML).
For Equivalent Neuropic Lux (ENL), most of the grid points across the entire room satisfy the minimum
required Equivalent Melanopic Lux (EML), with only 24.8% (east) and 13.7% (south) area of the room
does not achieve the 275 Equivalent Melanopic Lux (EML) goal. (Table 6)

This scene shows the potential of daylight as a primary light source in June for delivering
adequate light intensity for occupants standing in the patient room and looking around. Daylight can also
provide the intensity and spectra to stimulate the circadian system in June. However, there is a glare issue
in the vicinity of the window for clinicians and families when they are facing south, possibly when they

walk into the patient room to check the patient and talk to the families.
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Figure 4.4 Photopic, Melanopic, and Neuropic Light Simulation Results for June 21%, 12 p.m., Clear Sky,
25000K, Seattle, with South facing and White Wall Surfaces with Daylight Only from A Clinician/Family

View

Table 6. Percentage of the Room Area Under the Criteria of Photopsin, Melanopsin and Neuropsin on
June 21%, 12 p.m., Clear Sky, 25000K, Seattle, with South facing and White Wall Surfaces with Daylight

Only from A Clinician/Family View

North East South West

OPN 1 (Lux) 300- 3000 08.3 59.8 59.8 88.9
> 3000 0 11.1 30.8 11.1

OPN 4 (EML) >= 275 100 67.5 90.6 100
OPN 5 (ENL) >= 275 100 75.2 86.3 100

4.1.2.3 December 21%, Overcast Sky, 7000K, 12 p.m.

Under an overcast sky (7000K) on December 21%, at 12 p.m., the daylight only setting leaves the
majority area of the room too dim with only 0% (north), 6.8% (east), 18.8%(south) and 6% (west) area of
the room are between the desired range of 300 to 3000 lux. It also cannot stimulate appropriate melanopic
(OPN4) and neuropic (OPN5) of most area of the room except family resting space. (Figure 4.3.b and

Table 7).

48



L L L L L L L L L L L L L L L L L L L4
LI L L L L LT L L L L L L L L L L L L XL L X
DRDPDDPDDRHE BRPRRIRRRRE SR DDDDD
DRDPDDRDRRD BRRRPRBIRBPRRE SIS DD
BDRRDRRDRRE BRPRRPRRPHE SO DHDDD
DPRRPPDDDRRD  BPRRRRRIDNRRE DI DDIRIRDD
BRRRDDDRRR  BRRRRRPRRRE SOOI DDRDD
DRRRDDDRRR  PRARPIRERRE DI DDDD
BRRPDRDRRD  BRRARPHIRRE  POIPIDIDDRD
DHHHRDDRRR  BRARNPRPRRRE PRI GPHHRD
BRIPHIDIRDPRRE  BRARIPRIRRE  PRARRDPIDDD

L L L1 22T R R % % %

L L L L 2222 LD D

o % % R 2222 2222

E ] | . I |

300 3000 Ix 275 N0 EML 275 100 ENL

Figure 4.5 Photopic, Melanopic, and Neuropic Light Simulation Results for December 21%, 12 p.m.,
Overcast Sky, 7000K, Seattle, South Facing Glazing and White Wall Surfaces with Daylight Only from A

Clinician/Family View

Table 7. Percentage of the Room Area Under the Criteria of Photopsin, Melanopsin and Neuropsin on
December 21%, 12 p.m., Overcast Sky, 7000K, Seattle, South Facing Glazing and White Wall Surfaces

with Daylight Only from A Clinician/Family View

North East South West
OPN 1 (Lux) 300- 3000 0 6.8 18.8 6
> 3000 0 0 0 0
OPN 4 (EML) >= 275 0 9.4 17.9 8.5
OPN 5 (ENL) >= 275 0 5.1 15.4 5.1
4.1.3 Glazing

The impact of the spectral selectivity of glazing on the photopic, melanopic, and neuropic lighting
guantities is studied based on 4 glazing types given in 3.3.5. The results are reported for 10 points spaced

every 0.6-meters from one side of the patient bed near the rear wall to the glazing as shown in Figure 4.6.
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Figure 4.6 Selected Grids Points to Compare for Glazing

Figure 4.7 shows the three sets of results for three opsins simulated at noon for different glazing
options on June 21% with a clear day, 25000K (white wall and the glazing facing South). The grid
simulation results clearly show that the light level drops progressively with increasing distance to the
window, however without any shading controls the main issue is not daylight availability, it is glare.
Glazing 4 leads to a higher coverage to glare area compared to other glazing. This is to be expected as it
has higher visible transmissivity. All four glazing (which were selected among existing healthcare design
buildings) provide satisfactory, stimulation results for melanopsin (OPN4), but note that the shading
control is not applied to the glazing. Given the high photopic illuminances, and the resulting glare, the
OPN(4 results should be considered preliminary. Glazing 3 results in low stimulation for neuropsin
(OPNDb) at the cabin, sink, and workstation for clinicians, where were located across from the patient bed
zone. This is a direct result of its spectral composition that prohibits the admission of the violet range of

daylight.
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Figure 4.7 Grid Simulations for 4 Selected Glazing for (a) Photopic, (b) Melanopic, and (c) Neuropic

Light Simulation Results

Figures 4.8.a and 4.8.b show that glazing 4 transmits photopic and melanopic light while glazing

1 and 2 have similar performances. Looking at the horizontal grid simulation for the entire space, it does

not differ for melanopsin (OPN4) stimulation. Glazing 2 has the best neuropic (OPN5) performance

followed by glazing 4 and 1 (Figure 4.8.c). All glazing options satisfy the minimum requirement at the

location of the bed.
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of Four Glazing Types for (a) Photopic, (b) Melanopic, and (c) Neuropic Light Simulation Results
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4.1.4 Surface Material

To compare how surface material color can influence the performance of each opsin, this section
compares three wall surface materials, white, blue, and red walls. Glazing 4 is selected for setup, and the
simulations are performed for June 21st, clear sky with a CCT of 25000K. Figure 4.9 shows that using
white satisfies the photopic (OPN1), melanopic (OPN4) and neuropic (OPN5) stimulation under their
respective criteria for the majority of the room, followed by the blue wall and red wall. These results
should be evaluated carefully. The wall colors were based on their color, and they have different photopic
reflectance. They are not equally reflective (0.92, 0.35, 0.12, respectively for white, blue, and red as
discussed in 3.3.6). The unstimulated area for neuropsin (OPN5) is restricted to one corner of the room
with the white wall. The unstimulated area expands further when using the blue wall, alongside the entire
side wall when using the red wall. The variations are based on both the wall reflectance and spectral
selectivity of each material. The patient bed zone qualified the criteria for all opsins when using these

three materials.
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Figure 4.9 (a)Fisheye Rendering of the Room using White, Blue and Red Wall Surfaces (b)Grid

Simulations for Comparing the Effect of Surface Materials on Photopic, Melanopic, and Neuropic light

4.2 Period Analysis with Measured Sky Parameters

CCT varies from 5000 K to 20000K daily based on the measured data as mentioned in Section
3.3.2.2. To compare how irradiance and CCT influence the final performance, simulations were run for
one day in June (June 9) when the window was oriented to the South. Shading was not simulated. A point

nearby the glazing was selected (Figure 4.10) to see how the opsin values changed throughout the day.
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Figure 4.10 Selected Grid Point for Comparison

4.2.1 CCT and Irradiance
4.2.1.1 Irradiance

To compare the impact of irradiance on opsin levels, five time points were selected from the
scatter diagram in Section 3.3.2.2. Irradiance values are variant with a range between 50 to 805 W/m?,
and the CCT values are relatively constant (ranges from 5637K to 5744K). Figures 4.11 and 4.12 show

that, with similar CCTs, OPN1, 4, and 5 all increase with the increase of irradiance value.

Table 8. Irradiance, CCT and One-point Opsin Values that Compare the Effect of Irradiance.

Point 1 | Point 2 | Point 3 | Point4 | Point5
CCT (K) 5744 5664 5673 5647 5637
Irradiance (W/m2) 50 164 436 622 805
OPN1(Lux) 1588 5368 | 14792 | 24278 | 35212
OPN4 (EML) 1837 6493 | 16452 | 26839 | 39401
OPNS5 (ENL) 1054 4331 9985 | 19357 | 31925
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Figure 4.11 Selected Time Point with Varying Measured Sky Irradiance Value (CCT Values Are

Relatively Constant)
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Figure 4.12 (a) Photopic, (b) Melanopic, and (c) Neuropic Light Simulation Results of One Select Point

with Varying Measured Sky Irradiance Value (CCT Values Are Relatively)

Figure 4.13 shows the positive relationship between irradiance and opsin stimulation value. It
indicates a more striking change in how the entire patient room was affected with the increased sky
irradiance. From 50 W/m? to 164 W/m?, there is a significant improvement for photopsin. Non-visual

stimulation increased significantly when sky irradiance changed from 154 W/m?to 436 W/m?2,
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Figure 4.13 Grid Simulations for Comparing the Effect of Sky Irradiance Value on (a) Photopic, (b)

Melanopic, and (c) Neuropic Light Simulation Results

4212CCT

To compare how CCT impacts the opsin values, three time points with similar irradiances
(ranging from 46 W/m: to 48 W/m:) were selected from the scatter diagram in Section 3.3.2.2. CCT
values are between 6000K and 16000K (Table 6). Simulations are done using white wall and south facing
window with glazing 4. Figures 4.14 and 4.15 show that, with similar irradiance, photopsin (OPN1)
stimulation remains the same regardless of the CCT value. This is expected. In contrast, melanopsin

(OPN4) and neuropsin (OPN5) have a clear increase with higher CCT value, as higher CCT points to

higher blue content of daylight.
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Table 9. Irradiance, CCT and One-Grid Opsin Stimulation Value of Selected Points to Compare the

Effect of CCT.
Point 1 | Point 2 | Point 3
CCT (K) 6002 | 10842 | 16739
Irradiance (W/m?) | 47 48 46
OPN1 (Lux) 1534 1588 1520
OPN4 (EML) 1752 1837 2081
OPNS5 (ENL) 981 1054 1532
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Figure 4.14 Selected Time Point with Varying Sky CCT Value (Irradiance Value Are Relatively

Constant)
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Figure 4.15 (a) Photopsin, (b) Melanopsin, and (c) Neuropsin Simulation Results of A Select Point with

Varying Sky CCT Value (Irradiance Value Are Relatively Constant)

When the illuminance distribution is studied in the patient room, Figure 4.16 shows no difference
between the photopsin (OPN1) values found between selected time spots with different CCT values. Non-
visual system results, including melanopsin (OPN4) and neuropsin (OPN5) were mainly satisfactory in
the family resting area. Even with high CCT values in this set of simulations, the visual and non-visual

performance are still low under studied sky conditions.
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Figure 4.16 Grid Simulations for Compare the Impact of CCT on (a) Photopic, (b) Melanopic, and (c)

Neuropic Light Simulation Results

4.2.2 Change Over a Day

As mentioned in Section 3.3.2.2, June 9th, 2021, was selected as a day with variable CCT values
in June 2021. It is only representative of a limited time frame, and the changes over time can be more
muted or more substantial. To study the dynamic of the day, hourly simulations are performed for June 9

(Table 7). Simulations utilize white wall surfaces and a south facing window with glazing 4.
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Table 10. Measured Hourly CCT, Irradiance, and Percentage of the Room Area Under the Criteria of

Photopsin, Melanopsin and Neuropsin on June 9, 2021

CCT Irradiance | OPN 1 | OPN 4 | OPN 5

Time (K) (W/m?) (%) (%) (%)
7:00 5836 136 46.4 46.4 15.2
8:00 9710 307 84 61.6 51.2
9:00 5768 680 79.2 39.2 60

10:00 5695 173 75.2 69.6 33.6
11:00 8740 389 81.6 28.4 57.6
12:00 7294 114 50.4 62.4 25.6
13:00 5631 718 78.4 28.8 63.2
14:00 5619 672 79.2 41.6 58.4
15:00 5638 638 78.4 37.6 57.6
16:00 5652 584 80.8 42.4 57.6
17:00 5694 527 79.2 36 56

18:00 5773 395 25.6 18.4 11.2
19:00 5835 56 23.2 17.6 12.8
20:00 16714 22 12.8 18.4 16

20:59 13737 5 0 4 0

Figures 4.17 and 4.18 shows that CCT and irradiance values during daytime are quite dynamic. It also
demonstrates the result of how each opsin was stimulated over a day as a combined result of the
irradiance and CCT values. The results show that irradiance and CCT are not correlated to each other.
The visual system, photopsin (OPN1), which is the green dashed curve mainly follows the irradiance
curve, while the non-visual systems melanopsin (OPN4), which is the blue dashed curve, and neuropsin

(OPNS5), which is the purple dashed curve, are affected by both irradiance and CCT values.
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Figure 4.17 Curve Graphs of Measured Hourly CCT and Irradiance on June 9, 2021

62

18000

16000

14000

12000

10000

8000

6000

4000

2000

CCT (K)



35000
30000
25000

£ 20000

Z 15000
(@]

10000
5000
0
7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 20:59
Time (Hour)
s OPN 1

(@)

35000
30000

25000

(8]

0000

15000

OPN 2 (EML)

10000

5000

7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 20:59
Time (Hour)

== (PN 4

(b)

30000
25000
20000

15000

OPN 5 (ENL)

10000

5000

7:00 800 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 20:59
Time (Hour)

——OPN 5

(c)
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Neuropsin Using Measured Sky Spectral Data on June 9, 2021



The horizontal grid simulation for the entire room (Figure 4.19) provides similar results; the red area
for opsinl, the dark blue area for opsin 4 and the dark violet area for opsin 5 have similar patterns with
the single point simulations in Figure 4.18. Comparing a situation when the irradiance is high and CCT is
low, the stimulation can still be high as seen at 9:00 a.m. or 1:00 p.m. Sunset hour, such as 8:00 pm,
exhibits a high CCT value and an extremely low irradiance value. As a result, the stimulation result is
low. Opsin stimulation booms during sunrise hours and drops significantly during sunset hours. During

daytime, the result can vary due to the sky conditions.

7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00

Time (Hour)
ENEGE GEEE . IIEEE BN 2SS
300 3000 Ix 275 oo EML 275 1100 ENL

Figure 4.19 Grid simulations to Compare Changes Over a Day for (a) Photopic, (b) Melanopic, and (c)

Neuropic Light Simulation Results on June 9, 2021

4.3 Analysis

4.3.1 Comparison of Change of Over Months, Clinician View

Figure 4.20 shows the visual and non-visual response for each opsin on March 21% (intermediate
sky, 5000 K), June 21° (clear sky, 25000K) and December 21° (overcast sky, 7000K). This scene shows

the potential of daylight as a primary light source in delivering adequate light intensity in June followed
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by March and December. The simulations for June (white wall and south facing window) demonstrate
highest light levels for a given year, while December (white wall and south facing window) provide the
lowest light levels comparing to other months. As expected, the room does not receive enough light to

stimulate the visual and non-visual system with daylight only on March 21 and December 21,

March 21st June 21st December 21st
Intermediate Sky (5000K) Clear Sky (25000K) Overcast Sky (7000K)
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Figure 4.20 Grid simulations to Compare Changes Over Months: March 21%, June 21 , and December

215t

4.3.2 Comparison of Clinician/Family Facing Different Direction

Figure 4.21 supported that, for clinician/family view, their visual response to where the window
located (south) reply on the daylight more than other directions. This difference is larger in July and it is
not obviously to find in December when the entire room does not receive enough light levels. For the
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melanopsin (OPN4) and neuropsin (OPN5) stimulation, north is less easier to get effected comparing to
other orientations, while east and south share similar result with symmetric pattern as shown in Figure

4.21.

(@) (b) (©)

Figure 4.21 Photopic, Melanopic, and Neuropic Light Grid simulations to Compare Difference When
Clinician/Family Facing Different Direction on (a) March 21, 12 p.m., Intermediate Sky, 5000K, (b)
June 21%, 12 p.m., Clear Sky, 25000K, (c) December 21%, 12 p.m., Overcast Sky, 5000K, Seattle, with

South facing and White Wall Surfaces with Daylight Only

4.3.3 Comparison with Shade Fabric and the Supplement of Electric Light

The two sets of simulations shown in Section 4.1.4 indicate the location of the patient bed, and
the program of space may take advantage of daylight for occupants’ visual and non-visual health. It also
shows that in general neuropic (OPN5) stimulation follows a similar pattern to melanopic (OPN4)
stimulation. In June, the setting with white wall surfaces is south window orientation, the simulation
assumed a strongest daylighting condition. The result shows that the room with daylight only can achieve
the goals for the non-visual opsin criteria. However, this is not a realistic scenario, the glare issue needs to

be resolved. The glare issue only remains in the family resting area after adding shade fabric close to the
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window. The patient bed zone for their view would not be influenced by the glare issue and the family
resting area glare problem can be solved by using further shading solutions. A curtain was also provided
to separate the patient and family zone as shown on the plan in Section 3.3.4. However, any proposed
solutions should be evaluated based on its impact on the patient bed area.

The simulations for December (white wall and south facing window) demonstrate lowest light
levels for a given year. As expected, the room does not receive enough light to stimulate the visual and
non-visual system with daylight only. A lighting recipe with one wall light and two ceiling lights above
the patient bed was enough to provide the desired photopic and melanopic light. Neuropic light (OPN5)
was also improved significantly after adding the lighting fixture. However, the entrance, sink, nurse
workstation and cabin area are still lower than the recommended 275 ENL. Those areas are not closely
related to patients’ field of view and results can be improved by adding other lighting fixtures if needed.

These results provide important insights into NICU design. Alternative shading options
(including shade fabric which is more transparent, automated venetian blinds, and separation between
different function zones can be explored in single-family patient rooms) along with appropriate recipes of

tunable electric lighting fixtures.

4.3.4 Comparison of the Patient View and Clinician/Family View

Although Clinicians, patient families and patients share the same room, their visual and non-
visual response can be different since the previous one may move around in the patient room, and the
newborns’ view and position are fixed compared to them. Figure 4.22 shows the comparison of the
clinician/family view and patient view using same model setting (while wall, window facing south) at the
same time with same sky conditions. (June 21%, clear sky, 25000K). It can be found that these two sets of

simulations share similar patterns for photopic, melanopsin (OPN4) and neuropsin (OPN5) stimulation.
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Figure 4.22 Comparison of Photopic, Melanopic, and Neuropic Light Simulation Patient and

Clinician/Family View on June 21%, Clear Sky (25000K)

Since the visual and non-visual response of light with four directions of clinicians and families’
view can be various. Figure 4.23 splits the stimulation result of clinician and family view from figure 4.22
into four (north, east, south and west) graphs and compare them with the patient view result as mentioned
before. It was found that south (facing the window) has the most similar stimulation pattern, north
(opposite to the window) was affected the least. West and east were stimulated at a very similar level and

shown a symmetric pattern for the photopic stimulation result.
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Figure 4.23 Comparison of Photopic, Melanopic, and Neuropic Light Simulation Patient and

Clinician/Family (Separate Directions) View on June 21%, Clear Sky (25000K)

4.3.5 Selection of Glazing

Figure 4.24 shows the summary of each opsin performance using 4 different glazing types. The
results show that the values of the neuropsin (OPN5) stimulation ranked from glazing 2, glazing 4,
glazing 1 and glazing 3. This is a direct result of the spectra power distribution curves given in Section
3.3.5. The transmissivity reduction in the violet range values causes reduction in neuropic light. Glazing
4, with higher value at the peak photopic curve (555 nm), has the highest photopic value followed by
Glazing 1, 2 and 3. Glazing 3, has the second highest value at the peak of the photopic curve but its
performance is hampered by low transmissivity, 35.5%, which is much lower compared to other glazing.
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The results highlight the need to study spectral selectivity and overall transmissivity for selecting

glazing. Although all glazing types used in this study satisfy the minimum recommended criteria, since

this set of the simulation is done for June, the conditions will change throughout the year. Moreover, after

adding shade fabric, opsin 4 and opsin 5 will drop. Glazing 3 is not recommended in Seattle and Glazing

2 and 4 are more performative. Final decisions require a time series analysis under different conditions.
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Figure 4.24 Summary of Grid Simulations and Curve Graphs of Selected Grids Points that Compare

Glazing for Photopic, Melanopic, and Neuropic Light Simulation Results

4.3.6 Selection of Surface Material

When looking at selecting proper color and material for the wall surfaces in a single-family

patient room. The simulation result shows that, compared with the spectra distribution curve in Section

3.3.6, the blue wall had a lower range of green and red wavelength compared to the white wall. Given its
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lower overall diffuse reflectivity, it has a lower photopic stimulation. For melanopsin (OPN4) stimulation,
white wall material has the highest value in the blue range, hence it comes with the highest stimulation for
the circadian system. The red wall which had the lowest range on violet wavelength, and lowest overall
diffuse reflection, results is the lowest neuropsin (OPN5) stimulation. When selecting wall materials, it is

recommended to consider both the spectral composition and overall reflectivity of the wall.

4.3.7 Effects by Irradiance and CCT
The research demonstrates that it is necessary to use measured or plausible CCT and irradiance
values in simulations. Simulations were designed to study how irradiance and CCT each have effects on
the opsin performance. Based on the comparisons between different irradiances in Section 4.2.1.1, the
visual and non-visual performance is affected by many factors including room shape, window size,
surface materials, and distance to the window. Further design explorations should include the depth of the
patient room and the location of the patient bed.
Based on the definition of photometry, photopic (OPN1) light levels do not change with CCT.
Melanopsin (OPN4) and neuropsin (OPN5) results follow similar trends, and they increase as CCT
increases. Photopsin (OPN1) does not increase with CCT (value jumps from 6002K to 16739K) in the
close-up analysis of the area of the room closest to the window (Figure 4.25). The stimulated area for

melanopsin (OPN4) and neuropsin (OPNS5) increased with the increase of CCT from 10842K to 16739K.
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Figure 4.25 Grid Simulation to Compare Increasement of CCT for Photopsin, Melanopsin, and

Neuropsin Light Simulation Results

4.3.8 Comparison with the Measured Sky Data

A quick comparison is done to illustrate the difference between a standard CIE model sky and a
measured CIE sky model. Figure 4.26 compares the opsin performance of the CIE clear sky model on
June 21st, 12 p.m. with 25000K, and the measured data with CCT of 5589K and irradiance of 676 W/m?.
There is a performance difference between a measured sky and the standard mathematical model. The
CIE sky model is a general sky model that can be applied throughout the world, the input is latitude, date,
time, and a sky type. The measurement-based sky provides a naturally occurring sky at that time. It is
weather dependent. The two sets of simulations share a similar performance for photopsin (OPN1) but
present a larger difference on melanopsin (OPN4) and neuropsin (OPN5) response. Collecting and using a
measured sky model will improve our understanding of naturally occurring skies and their impact on

visual and non-visual responses.
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Figure 4.26 Grid Simulation to Compare CIE Clear Sky Model (25000K) and Measured Sky on June

21st, 2021
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Chapter 5 Conclusion

5.1 Summary of Thesis

Photoreceptors including photopsin (OPN1), melanopsin (OPN4), and neuropsin (OPN5) impact
the individuals’ ability to perceive the world, physical health, behavior, and psychological health. This
thesis demonstrated the workflow for a NICU setting which can be used to study the role of daylight and
electric lighting in neonatal baby's development and its effects on other users in NICU, such as clinicians
and families.

During the research period, Lark is revised by adding new metrics such as neuropic illuminances.
The end result is a powerful simulation tool that can be used to simulate the visual and non-visual effects
of light. The tool can be used to further explore the impact of various design parameters to develop design
guidelines for NICUs.

The single-patient family rooms cannot always provide an ideal visual-nonvisual lighting
environment with daylight only. This study revealed that along with appropriate surface materials,
glazing, dynamic shading systems, and tunable electric lighting systems, the targeted range of
wavelengths and intensities can be achieved and customized. Designers can provide the flexibility to

control the lighting levels and spectra based on date, time, or the activity.

Existing CIE sky models are useful as they can model any location on earth, but actual sky
conditions are more complex than mathematical models. Irradiance and CCT values are the two key
components of the sky that varied during a day. When actual data exists, it is preferable to use measured

data.

5.2 Contributions

The contributions of the thesis are as follows:

i) Lark multispectral lighting tool is revised to include neuropic light calculations.

i) Simulation workflows are customized and exemplified for NICU settings.
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iii) The workflow emphasizes the need to run multiple analyses in a given space, accounting

for every occupant’s field of view and needs.

5.3 Future Work

This study mainly focuses on daytime simulation and providing appropriate light levels for vision and
circadian entrainment during daytime. Nighttime lighting evaluations are complex in healthcare settings.
There are competing goals such as maintaining dark environments for babies and families, while
providing adequate light levels for clinicians. Future research can focus on night simulation and
developing the right light recipes in different parts of the healthcare facility. Another consideration is how
to balance the need for clinicians to remain alert during the nightshift and the circadian phase response by
delaying melatonin secretion

For the simulation tool, the future research plan is to develop time-series metrics for non-visual
responses since the non-visual system adapts to changes in light intensity and spectral composition over a
longer time-period than the visual system. The current maximum criteria for non-visual stimulation were
set as getting stimulation for four hours and making it equal to four times of the minimum recommended
level. However, responses depend on past exposure and can extend over several hours, or even days,
which provides new challenges in lighting performance evaluation.

Systematic and parametric simulations can be done to develop guidelines for NICU lighting designs.
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