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REAL

Response-driven Environments for Appropriate Lighting

Daylight is a key issue in buildings in the context of a resource-efficient world that
affects the experience of the space in terms of health, ergonomics, energy and
productivity. Digitalization of buildings with focus on healthy lighting and daylight is
thus an important step towards healthier indoor environments. Although our
knowledge about the spectral-effectiveness of light on productivity by regulating our
biological needs is advancing, defining the actual exposure to effective lighting as
result of the building design poses important challenges. A framework that could
identify light exposure related to actual human position and orientation (direction of
the line of sight) is space will lead to healthier indoors costumed for each individual
with results in higher productivity as well as effective building performance. The ef-
fect of such framework for the building occupant and owner are beyond the immedi-
ate needs of the society and towards continuous performing results.

The project here, Response-driven Environments for Appropriate Lighting (REAL),
sought to develop a pathway towards healthy indoor environments by creating
frameworks that relate human subjective response and objective orientation-reflexes
to daylight, towards an informative outputs. In the same context and in an exploratory
project, students at DTU were set out to investigate the possibilities of relating these
response-driven light exposure levels to human performance. A pre-validated simu-
lation workflow was developed for digitalization of the building based on human re-
sponses and aligned with Build 4.0 goals. More importantly, the developed workflow
coupled with occupancy sensors can give real-time information to the occupants re-
garding their light environment and achievable productivity levels.
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Research Context

Today, humans spend about 90% of their time indoors [Roberts, 2016]. In an edu-
cational context, the percentage of hours of compulsory instruction time, that may
occur inside the classrooms, ranges between 42%, for secondary students, and 52%
for primary students while, the time spent by university students in the classroom is
less due to higher individual study time at this level. It is, hence, in our best interest
to create high quality indoor environmental conditions to enhance and maximize
productivity and performance in such environments. Amongst indoor environmental
parameters, as an architectural element light is a highly interdisciplinary topic 'that
affects occupants through different pathways with physiological, psychological and
biological 2responses. In daylit spaces, light characteristics such as sole presence
of light and access to natural light were shown to affect students’ preferences. Pos-
itive effects of window view were seen on attention and concentration in such spaces
when relevant tests were used. In a similar way, glare or direct daylight in space has
negatively affected the students. Dynamic electric lighting in terms of light intensity
or color correlated temperature (CCT), shown to affect students’ attention and con-
centration. Several physiological responses mainly to daylit conditions were also as-
sociated with students’ mood, sleep and thereby their performance. Studies in day-
light have shown that light factors such as intensity, timing, duration, and wavelength
affect our circadian rhythm thus our daily lives. As there is a connection between
exposure to light, health and performance levels, the lighting environment should be
regulated according to the work we have to perform.

Daylight also impact our experience of a space and its intensities can sometimes
be so high that it causes discomfort indoors in the form of glare. Our visual comfort
is evaluated based on the amount of glare that can be determined from the angle
of incidence of daylight. The incidence angle varies with the passage of the sun
across the sky, but new studies shows, that it also can vary with dynamic gaze
changes and attraction to view outside [Sarey Khanie, 2015]. However, it is im-
portant that users have access to daylight and view outside, as this has proven to
be of great importance for the perceived comfort in a room.

Despite several existing wavelength-dependent models to predict spectral-effective-
ness of light, none includes user behavior into this equation for maximum exposure.
These methods only partially can predict the health potentials of the lighting with
assumption of static building occupants on fixed pre-defined points. The dynamic
human behavior to light exposure has been addressed in fewer studies where pho-
tometric measurements and eye-tracking methods have been coupled for observa-
tion on gaze responses to light Figure1. There have been many attempts to incorpo-
rate discoveries on how light affects human circadian rhythms into a simulation work-
flow. Lark Spectral Lighting is a plug-inn for Rhino Grasshopper developed as a collab-
oration of University of Washington and ZGF Architects LLP. Lark spectral lighting
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can calculate on Equivalent Melanopic Lux (EML) and can also run simulations be-
yond the normal tristimulus color space [Mehlika Inanici, 2015].

Combining methods and techniques, we worked on two work packages: Firstly we
focused on the performance rating for different interior layouts. Secondly, we did an
exposure characterization where the dwell and track data were used to define expo-
sure ranges to spectral effectiveness of the space. The results were communicated
through student work, publication and two seminars.

N
a) Results for response- b) An example showing the layout interven-
driven orientation reflex tion based on human responsive princi-
to lighting. ples.

Figure 1 Simulation results from a gaze-repulsive analysis based on human orientation reflexes
to light. These results are based on a preliminary mathematical model for prediction of orientation
reflexes to light which was developed and integrated in a simulation workflow in Switzerland. The
tool highlights the responsive zones in the architectural space where the occupants have the

maximum comfort.
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Light, health and performance

Light and Health

Man evolved around a strong light/dark cycle and has since the dawn of time been de-
pendent on the rising of the sun across the sky to wake up and fall asleep. Light de-
sign is based on standards and practices developed to meet our visual needs and
ahead of our scientific understanding of light's important role in maintaining several
human biological functions. In recent decades, interest in research between light
effects on human health has increased drastically following the discovery of a third
type of photoreceptor in the human retina. It is the human circadian rhythm that is in
focus, and especially the connection between light and non-visual effects such as
health and performance 3

Unlike rods and cones which mediates imaging-forming effects at low light and colour
vision, a third type of photoreceptor, referred to as Intrinsically Photosensitive Retinal
Ganglion Cells (ipRGCs), serves as input in synchronizing the human circadian
rhythms to the daily 24h light and dark cycle. The visual system is most sensitive to
green light (555 nm) whereas the circadian system’s sensitivity peaks in the blue
part of the visible spectrum with a maximum sensitivity around 490 nm. Quantities
and units that depend on the visual system are thus not good enough to describe cir-
cadian effective daylight.

There are several functions inthe body that are dependenton circadianrhythms, such
as hormone production, sleep/wake cycle, alertness level, and even more. Circadian
rhythms basically tell the body to do the right thing at the right time, and (day)light is
one of the strongest ques to synchronize these circadian rhythms to the external en-
vironment. A lack of a robust stimulation of light and darkness canlead to desynchro-
nization of the circadian system and the external environment - the body does the
wrong thing atthe wrong time, e.g. asin jetlag or by shift work. Inadequate or mistimed
light can also disrupt a normal circadian rhythm and result in negative effects on hu-
man performance and health.

e DM’H_VI:O »  Adfaerdssystem — = )_

- Hypothalamus wastonin |§51| -
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P e i 20-
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(a) (b)
Figure 2 (a) light pathways affecting us visually and non-visually. (b) factors affecting circadian
rhythms
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As depicted in Figure 2 there are five light factors that affect our circadian system:
timing, intensity, duration, wavelength, and prior history of exposure to light [Lockley,
2009]. Theinternal clock has a period-limited sensitivity to light, such that exposure to
light early at night, the circadian phase shifts back, and exposure to light early in the
morning advances the circadian phase. The intensity of a light source and duration of
exposure is related to the strength at which a phase is shifted. The wavelength of light
is also an important factor, as ipRGCs signal through the photopigment melanopsin,
whose spectral sensitivity is predominantly bluish, which is why short wavelength light is
most effective in stimulating the circadian system. Long wavelength light gives on the
other hand minimal circadian stimulus, and therefore supresses little melatonin. Long
wavelength light is therefore useful for promoting attention in the late afternoon and the
evening without disturbing the circadian system. The circadian system also shows ad-
aptation to exposure to previous light by determination of response to a current stimu-
lus 4.

(a) D65 (b) F11

Figure 3: Comparison of two CIE illuminants

Lucas and colleagues published in 2014 five action spectra’s which depends on the
photopigment in each class of photoreceptors [Lucas et al., 2014]. These can be
utilized to calculate alphaopicilluminance, where especially the curve for melanopsin
is used in the description of circadian effects of light. The international WELL Building
Institute has developed circadian performance requirements for indoor environment that
depends on timing, duration and wave- length in a unit called Equivalent Melanopic Lux
(EML) which is based on the action spectra developed by Lucas. The current WELL
requirement for “Melanopic Light Intensity for Work Areas,” states the following: 75%or
moreofworkstations, atleast200equivalentmelanopiclux is present, measured on the
vertical plane facing forward, 1.2 m above finished floor. This light level may incorporate
daylight, and is present for at least the hours between 9:00 AM and 1:00 PM for every
day of the year [WELL Standard, 2020]. Despite the fact that it is not required to use
daylight to meet these requirements, the designer should make as much use of day-
light as possible, and otherwise use it as a guide to where extra lighting is needed.
In addition, the electric lighting should strive to mimic the daylight, i.e. high intensities
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and blue-enriched?®. In Figure 3 a comparison between CIE F11 and CIE D65 has
been made. The first thing that can be observed is that the CIE photopic curve and
the melanopic curve are very different, which is why the introduction of new stand-
ards and practices is necessary. In addition, the benefits of daylight over a standard
fluorescent can also be observed. The D65 has both high intensities and spans a
wider spectrum, moreover, the high intensities peak closer to the melanopic curve,
whereas F11 peaks at the CIE photopic curve.

Light and performance

There are various ways in which the impact of light on human performance can be
measured. Several studies have i.e. evaluated the speed of completion of a task,
symptoms of Sick Building Syndrome and absence. In addition, these studies often
make use of supplementary questionnaire surveys as an important step in gathering
information about the participants and thus gaining representative knowledge within
the issue. To examine performance, several studies have used the D2 test of Atten-
tion, which is a neuropsychological measure of selective and sustained attention as
well as visual scanning speed. The studies with focus on daylighting, have shown
that daylight 67, daylight levels 8 in most cases is associated with higher satisfaction
and behaviours such as amount of time spent in the space or the seating preferences
8, or academic satisfaction °. However daylight alone has not shown an effect on
student performances 9 or the observed effects were not reproducible 12 and in
some cases, when glary conditions were present 612-15  negative effects of daylight-
ing conditions have been registered. In absence of daylight, however, severe dis-
turbance on chronobiologic system and consequently concentration levels of the stu-
dents were observed 6. On the other hand, view and natural view, important attrib-
utes to daylight and window, have been associated both with pleasantness ¢ and
higher satisfaction '7 as well as on students’ performance '8 and learning outcomes
12,15,19 in form of higher grades "7 or better attention 0. In the formulation of the Light
parameter the highest quantity of natural and electric light, but without direct sunlight,
was found to be optimum. The quality of view out of the window shows a bivariate
correlation with learning progress where window sills are below children's’ eye-level
15, Studies with focus on electric lighting, similarly show higher satisfaction with good
electric lighting conditions 820. These studies have also depicted electric lighting at-
tributes such as light levels and CCT affecting student performances when direct
performance tests, , e.g. d2 tests, were used as outcome measurement 2'-23, The
dynamic changes 22 or variable combination 2" of light levels and CCT have also
shown several positive effects on students’ directly tested performance 2'-2* or read-
ing performance 22, Lighting perception and lighting levels alone have shown no ef-
fect on reading performance 2526, Several of these studies indicate towards a need
for multi-modal studies for better understanding the effect of light in indoor environ-
ment 2427,
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Light, visual scene and visual behaviour

Visual scene is seen through the eyes. For eye movements a number of distinct
classes are known?8, Changes in the line of sight may serve to scan the visual envi-
ronment or to stabilize gaze (volitional or reflexive movements), while rapid shifts in
eye position constitute a prominent class of eye movements in humans 28. These
movements are categorized into categories such as saccades (rapid shifts) and fix-
ations (longer pauses) whose neural control is reasonably well understood 2°. These
eye-movement classes coexist with head and body movement to direct our gaze.
Therefore, eye movements alone would provide little information about the actual
gaze control during real-life behaviour 30-32 . Understanding the natural behaviour of
gaze in relation to the real world conditions, e.g. illumination condition or glare, thus
requires accounting for all these coexisting movements. Changes in gaze direction
and what we see will have a strong impact on the assumed position of the excessive
light sources in FOV. Nonetheless, we are aware of only very few studies on the
relationship between eye movements and building-induced visual context, such as
a window 33-35 and none, which link eye movements to comfort perception indoors.
Eye movements as a variable for visual comfort studies can actually not be ad-
dressed with psychophysical procedures conventionally used for visual comfort eval-
uation: the latter rely on subjective occupant perception whereas people are oblivi-
ous to their specific head and eye movements. On the other hand, computational
models that aim at predicting gaze orientation typically focus on the control of large
eye movements by low-level stimulus features, such as luminance contrast, colour,
orientation or motion36:37. Experimentally, however, gaze is long since known to be
influenced by task 383° or context 4941, Other approaches to eye movements in real-
istic tasks either used very reduced stimuli or restrained settings, such as driving 42,
food preparation3243, or sports304445, For less constrained scenarios, laboratory data
has very limited predictive power for the real-life situation*é. The focus on gaze be-
haviour and lighting has largely been on urban street lighting 478 or pedestrian light-
ing 4950, In similar context, when viewing static images of natural scenes (streets lit
with lamppost at night) observers tend to avoid bright and dark stimulus regions and
to direct gaze to regions of medium luminance instead 5'. A fewer studies have in-
vestigated the relationship between gaze shifts and building-induced visual context
such as the presence of window 52 or light 33-%5 . These studies deny the fixed as-
sumption of gaze direction and suggest that during a period of office work gaze rests
on vertical and horizontal planes %¢. Moreover, the necessity of limited luminance
ratios in FOV to avoid constant re-adaptation for better performance is underlined
53,57, Some more recent studies have addressed eye movements 5 and its physio-
logical response %8 in relation to glare. However, the natural gaze behaviour in rela-
tion to light and glare to our knowledge is still unknown. From previous work demon-
strating the profound influence that cognitive factors have on eye movements 5960,
one can hypothesize that there are clear relations between gaze patterns, glare and
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luminous environment; the applicant’s investigations to test this hypothesis®' demon-
strated the potential of eye-tracking technology 2 to reveal such relationships.
Figure 4, illustrates a simplified response-driven model where avoidance to a direc-
tional sourceg, e.g. glare, and attraction to the directional source @, e.g. view, is
predicted by the model. The visual scene inputs can be identified using the HDR
input data. The iterative model predicts the responsive behaviour, i.e. an angular
shift, over the space for all possible directions. Dynamics of light necessitates a dy-
namic prediction over time. Finally, the model identifies the optimal positions and
zones in the building where a clear balance between visual avoidance and attraction
behaviour as well as optimal non-visual effects could be obtained. The avoidance-
attraction behaviour will depend on the visual scene and particularly light and con-
trast distribution, view contact (outside the window), scene complexity, and colour
contrast, in the room as a function of fixation duration and velocity. Using such
model, our simulation workflow incorporates a visual system responses in an indoor
environment.

A Response-driven Model (R,
=

a HDR image for each a -
gaze direction v

(ax.avaz) F1 Response driven exposure
g (3, 9,97,

angular shift
A

%

A
Rotation Matrix
R

Using AB, a rotation matrix is v
] v OUTPUT
Relevant photometric & derivediio calculaio v, spectral distribution
visual scene variables v
are derived from each image non-Visual Response

Figure 4 Response-driven model here showing the avoidance to sourceg, e.g. glare, and attrac-
tion to the sourced, e.g. view, behaviour. The response is depicted by an angular shift AG,b
where a, initially assumed fixed gaze vectorVTl, shifts to TR as a response. The relevant input
visual scene variables to predict this behaviour are derived from the 180°-HDR images covering
the FOV. Based on this responsive behaviour as function of the visual scene and in interaction

with other IEQ parameters non-visual effects can be determined.
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Methodology

Experimental phase

The pilot study was done at the SMART Library at Technical University of Denmark
between 31th of October until 13th of November where performance and user as-
sessments methods developed at DTU (Attachment A) were coupled with orientation
tracking using cutting-edge technologies. All environmental parameters were moni-
tored using different measurement equipment (See placements at Attachment E).
The experiment was performed in two selected zones, where physical measure-
ments were recorded, and a questionnaire including a performance test was also
prepared®.The questionnaire was divided into five sections; demographic data, light,
mood, purpose and performance tests. The demographic data were collected as
people's impact on and expectation of lighting may vary by gender, nationality and
age. The sections; light, mood and purpose, were the students' subjective assess-
ments of DTU's library as a study environment with a special focus on lighting. The
performance test contained two different test forms; logical test and D2 test. The
logical test assumed that the students were able to think logically, which was ex-
pected of the engineering students who participated in the experiment. The logical
test consisted of three questions that tested the students' ability to concentrate. They
were all three different, and tested the students' concentration and readiness for
change. The second part of the performance test was a D2 test. A D2 test is de-
signed to measure people's ability to concentrate and perform independently of in-
telligence ability. The test usually has two parameters; time and number of correct
answers. As it was not possible to collect the completion times, the students in this
experiment were assessed solely on the number of correct answers.

» Experimentation

Measurement & Data collection

Light meter
C.A 1110

Hobo CU12-012
Hobo UX120-006
Vaisala GMW86P

(@

Figure 5 (a) DTU library (b) The measurement devices used in the study.
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The selected zones

The two zones examined at DTU library have been selected from a previous study.
Zone 5 is located on the ground floor, while zone 30 is located on the second floor. In
zone 5the windows are facing west, whereas the windows in zone 30 are facing East
and North. Both zones are divided into 6 locations where people have the oppor-
tunity to look 360 degrees around. Location layouts as well as the compiled view
directions are shown in Figure 6. The hour, view direction, and date are all predeter-
mined based on the questionnaire, and can be used to investigate a momentary pic-
ture of health potentials. As shown in appendix C, there were 15 test occupants in
zone 5 and 11 test occupants in zone 30. In appendix C, observations of view direc-
tion (angle), hour, and date can also be found.
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Figure 6 Placement and orientation in zone 5 and zone 30.

Characterization of spectral exposure

A Grasshopper3D tool designed to demonstrate gaze behaviourt+5, exposure to
illumination levels, and spectral illumination, enabling characterization of space-
level exposure at any given position. The latter was processed using Lark Spectral
Lighting, a plug-in for Grasshopper3D® to account for photopic as well as Rea®”
and Lucas®® circadian brightness. In determining the relationship between the light
environment and the test subjects’ performance, the human circadian rhythm is
used metrically. A circadian rhythm metric is a tool for characterizing light that acts
as a stimulus for the human circadian rhythm system, also known as the body clock.
This useful simulation workflow can through 3Dimensional modelling of DTU library
provide a design standard for a given time of day after which the right amount of
melatonin that is suppressed as a result of the light environment can be evaluated.
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Figure 7a shows a schematic followed to implement dynamic gaze changes and non-
visual effects of daylight in Grasshopper 3D. The setup itself is divided into three
parts, where a geometry has initially been built in Rhino. Then material properties
are added to the respective surfaces through Ladybug and HoneyBee components.
Dynamic gaze changes are added through components from GazeTool 85, which can
predict a change of gaze at a location through an implemented formula in Python. In
addition, metrics were used to calculate non-visual effects of daylight added through
Lark Spectral Lighting. Lark Spectral Lighting is a plug-in for Rhino/Grasshopper that
has been used to calculate the health potential of the test subjects’ locations in each
one (Figure 7b).

Occupant position and orientation } Simulation workflow: Characterization } Output
3D geometry
Assumption and prediction using GLr
Den lysdrevne biikmodel (GR) Mg = 41 + 8- ’A’ Nov:l Ith potential
e . eal potential
£ [ Vv + Visual comfort
§ y R l +  Performance rate
M M M M I + Gaze behavior
ePW E *
i — Daylighting
+ Current components
+ + Daylight levels
Using sensor Evalglare/ 6 + Daylight metrics
Image-based occupancy sensors Gazegtool + Light levels
Future components
+ View
5> | + Processing + Thermal comfort
o . i
- DGP (Daylight glare probabilty) Querheating,
+ Light intensity

+ CS/EML treshold

(CY]

1. Indstilling af Rhino-view 3. siykomponent 5. okanalssimulering

6. 9-kanals metrics

_______________

2 Udregning af den globale
harisontale illuminans

(b)

Figure 7 (a) Schematic of the simulation workflow (b) Flowchart of Lark Spectral Lighting

Simulation and case study set up

In a general simulation workflow several steps are made. The 1 step is to set the
viewpoint. In the case of the library this is set for each occupant in the 2 zones. Next,
the global horizontal illuminance is calculated for either an overcast or sunny sky. In
step 3, the spectral sky is calculated through 9-channels based on the horizontal illumi-
nance and the spectral power distribution. In this simulation, a D65 spectral power dis-
tribution has been used, which describes the average noon light for Northern / West-
ern Europe. In step 4, the spectral distribution of the glass is calculated, which is cal-
culated through Optics6. In step 5, the 9-channel simulation is started, after which the
final results can be collected.
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Through the program “Windows” and"Optics6” from Berkeley University, a spectral dis-
tribution has been calculated for a window pane type similar to that seen at DTU library.
A 2-layer window pane with 4 mm clear glass, 12 mm air layer, and 6 mm energy
glass has been used. Since "Windows” only has a product library forthe mostcommon
window pane manufacturers, was Pilkington window panes chosen, where we use their
4mm Optifloat ™ Clear and their6mm Suncool ™ Brilliant 50/25 which has a transmis-
sion of 0.5 and a direct transmission of 0.24. Furthermore the general window param-
eters can, found from Pilkington’s owntool, be seenin Table 1. Table 2 shows the ma-
terials used in the simulation study. Table 3 shows the rendering parameters used
in the simulations.

A detailed 3D model is designed to ensure that the environment the test participants’
face is reflected in the digital format. Tables and movable screens were not included,
however, as there is great uncertainty about where they will be placed and will be
located in the future. Using Optics6, awindow pane setup was chosen to reflect the
windows seen in DTU'’s library. Finally, simulations have been run, giving the first re-
sults for comparison with a d2 performance test. The results consist of a series of 9-
channel simulations with results in the EML format and a series of fisheye renderings for
general photometric data.

Table 1 Window Property Table 2 Materials used in the simulation

DTU library

Window parameters Value Materials Description

Thickness 22 mm Generic Interior Wall -  Diffuse reflectance of 50%

Solar factor 043 Generic Ceiling - Diffuse reflectance of 70%

Daylight transmittance 50 % Generic Floor _ Diffuse reflectance of 20%

g;rfei:tct;;ac":mmance :g 9:6 Generic Exterior Wall _  Diffuse reflectance of 35%
Exterior Ground _ Diffuse reflectance of 10%

Absorbance 37%

Table 3 Radiance rendering parameters
dt d ds ab aa ar ad a Ir Iw pj ps pt

005 O 015 3 0.1 512 4096 2048 8 o0.005 2 1 o©

Results

36 students answered the questionnaire during the trial period out of which 30 data
points were obtained after cleaning the data (Attachemnt C). The distribution be-
tween gender, age and nationality can be seen in Figure 7. More results related to
the questionnaire can be seen in Attachment D.
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Kvinder 30,6% Over 23 ar 48,6% Udlandinge 40%

Maend 69,4% Under 24 ar 51,4% Danskere 60%

Spgrgsmal 1: Kgn Spgrgsmal 2: Alder Spgrgsmal 3: Nationalitet

Figure 8 an overview of the demographics of the data sample collected.

We could see that there has been a minimum variations on the temperature, CO2
levels and humidity on the responses as these parameters were kept in a close to
constant limits. In some cases the temperature were recorded high possibly due to
positioning of laptops and were deleted from the data pool.

While we could see some effects of gender or concentration on the D2 responses or
daylight levels outside on occupancy rates indoors, none of these observations were
significance or could be explained due to confounding variables. However, an inter-
esting finding was that the majority of subjects who scored above 80% correctly rated
on their performance rate fell within certain thresholds (Figure 9). Highest perfor-
mance was between 300 and 550 lux, and in a few cases men did better in even
lower light levels. However, our statistical analysis through a one-way ANOVA shows
that the observed differences are not significant for a performance above and below
500 lux. We could also see that people who rated themselves as having a low con-
centration performed better in light levels between 400 and 550 lux.

Preestation ift. lys — alle deltagere Praestation ift. lys — deltagere med lav koncentration
800 . .
R=-0,459, p=0,027 R=-0,614, p=0,034
600 i \

LUX, inde

400

70 80 90 10¢ 70 80 9 100
Score i D2-test 2 Score i D2-test 2

Figure 9 Results for indoor lighting and performance
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Overskyet

The simulation study provided a clear
demonstration of visual patterns and
exposure patterns in different places in
space based on the behaviour of the ..
dynamic occupant. Through the Gaze-
Tool tool, dominant viewing angles
were selected based on the resident's
visual pattern over a symmetrical half
year. It was seen in the results, in Fig-
ure 5, that the gaze changes occurred widers
evenly distributed at all locations in the
zone, which means that there is just as
much contrast-induced glare at the
front as well as at the rear of the zone.
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Exposure at participants’ position

In the second part of the simulation study, the health potential was evaluated in the
selected dominant gaze orientations for each position. A health potential has been
calculated for the individual location where a test person has taken the performance
test. Figure 11 illustrates at which position and view direction the criteria for EML was,
or was not, met. As seen in the illustration there are a great number of subjects which
position and view direction doesn’t give them, the necessary daylight exposure. This
is probably due to the late time of year and the late hours on the day the question-
naire was taken. This calculation is without electric lighting. From the Lark tool®, the
values had to be converted as the selected threshold values used the units Circadian
Stimulus (CS) and Equivalent Melanopic Lux (EML). The threshold value CS ex-
plained the optimal stimulus throughout the working day, where specific values are
given for each hour, while the threshold value EML gave a fixed value over all hours.
While most positions in the zone showed satisfactory compliance with the threshold
values in summer and under sunny conditions, the results under cloudy skies would
only in a few situations achieve the threshold values. It has therefore been shown
that climatic regions are crucial for optimized compliance with health potentials. On
the north fagade, minimal visual discomfort was found, allowing orientations towards
the window, which resulted in a higher health potential. It can therefore be concluded
that the orientation in space is crucial for the vertical illuminance measured at the
eye, however, the visual comfort must still be maintained.
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Figure 11 Results for each person in each zone in relation to the specified threshold of 200 EML
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Figure 12 Results of percentage compliance with the threshold value CS for the three positions
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in the zone (y-axis) over a symmetrical half-year (x-axis). It is further divided according to three
different facade orientations.
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InFigure 13a and b ,the EML results foreachtest personinzone 5and 30, respectively,
can be observed. On the x-axis, information on the date and time for answering the
questionnaire can be observed, as well as which test person is involved. On the y-
axis, the EML value can be read in the unit lux.

In general, relatively stable levels of EML can be seen just below the threshold value
for most of the test subjects in zone 5, where the time interval of the day is between
10:00 and 14:00. In addition, a small peak can be observed in the values between
11:30 and 12:00, which may be due to the position of the sun in the sky as well as
high intensity levels during this time. Two people seen at 14:04 and 16:49 are ex-
posed to a relatively high amount of EML. In zone 30, low values of EML can be seen
early in the day and higher values around 14:00 after which the values fall.

Visual comfort can be evaluated through DGP as seen in Table 5 and 4. As shownin
the tables, there are no DGP values above 0.35, which means thatit can be assessed
asimperceptible glare. This means all test subjects in the 2 zones should have the op-
timal visual comfort in their view directions. The tables gives furtherinformation about
a series of photometric quantities which is derived through Evalglare.

EML [lux]
o
2
8

300
fZS (a) EML results for every test
. participant in zone 5

EML [lux]
-
3
8

200 (b) EML results for every test
participant in zone 30

Figure 13 EML results for both zones over time and for each participant.



=
—
=

i

Table 4 Visual comfort results from zone 5

Zone 5 Date and hour DGP avium Ev Evdir

PersonS  31-10-201516:45 0.006658 10.81152 35.66548 0
Person 14 05-11-201910:17 0.06578 33.86524 152.443S 0
Person 16 05-11-201511:33 0.004745 7.586731 21.26878 0
Person 17 05-11-201513:00 0.005366 S.343442  26.48076 0
Person 21  05-11-2015 16:40 NIGHT

Person 22 05-11-201S 17:47 NIGHT

Person 23 07-11-201510:54 0.093782 35.04559 175.6847 0
Person 24 07-11-201510:54 0.006218 11.57087 32.74665 0
Person 25 07-11-201512:47 0.083834 35.38475 166.1888 0
Person 26 07-11-201514:02 0.05287 29.12303 134.6388 0
Person 27 07-11-201514:02 0.05287 29.12303 134.6388 0
Person29 07-11-201514:03 0.05287 29.12303 134.6388 0
Person 30 07-11-201514:03 0.00414 5.557858 15.51002 0
Person 31 07-11-2015 14:04 0.05548 30.59664 137.5486 0

Table 5 Visual comfort results from zone 30
Zone 30 Date and hour DGP av lum Ev v dir

Person1l 30-10-2015 14:16 0.177338 123.0585 349.7341
Person2  30-10-201S5 14:23 0.177338 123.0585 349.7341
Person3  30-10-201S5 16:18 0.147635 66.77434 239.9277
Person7 31-10-201515:25 0.194591 170.585S 613.2096
Person11 04-11-2019 11:14 0.194298 165.9173 601.4297
Person 13 04-11-2019 11:20 0.154598 95.80575 253.4118
Person19 05-11-2019 15:11 0.057523 47.38753 140.206
Person 20 05-11-2019 15:11 0.045347 47.61645 125.7603
Person 32 07-11-201514:06 0.187605 111.2157 488.7836
Person 34 07-11-201514:08 0.206077 223.1623 801.9886 0
Person 36 12-11-2019 13:58 0.22648 274.0347 834.799 267.2818

oo oo o oo ool

Conclusion

A simulation framework was developed that relates human subjective response and
objective orientation-reflexes to daylight, with an informative output in form of light
levels and performance rates. The developed simulation workflow makes it possible
to identify the exposure to light levels as well as circadian triggers depending on the
occupant's position and orientation (direction of the line of sight) in the room. The
input to the simulation workflow is occupant position and orientation in space. This
can be provided as a presumption or as a real-time data provided by an occupancy
sensor or similar.
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The experimental pilot survey was conducted at DTU Smart Library, where indoor
environmental parameters as well as occupants’ performance and movement be-
haviour were monitored. The experiments were done to facilitate the developed
workflow towards more informative output in relation to human performance and
productivity rates. The experiments were done for a period of 2 autumn months. The
pilot study resulted in a relatively small data sample of 30 participants. In order to relate
light exposure to the participants’ performance, a 3D model of the DTU library was made
with close details in order to simulate the daylight conditions the participants were
exposed to during the experiments. The simulations themselves were performed
using the developed simulation workflow in Grasshopper3. Finally, relating the ex-
posure levels and performance, we derived a preliminary performance rate which
can be shown using the simulation workflow.

The take away message from the experimentation phase is that participants
achieved higher performance rates, within certain light levels. These results showed
that the majority of the subjects performed better at certain light thresholds within the
short period of the test. However, for long-term exposures, such threshold might not
be relevant. Moreover, the results obtained regarding the effect of lighting on perfor-
mance are not decisive due to smaller sample size.

Development of tools and studies that can integrate occupants’ actual exposure to
daylight throughout time and longer exposures can resolve and enhance our under-
standing on how to create more affective spaces for higher performance. In the con-
text of Smart solutions, such approach can be used to design consciously for human-
centric solutions in the design phase where the designed architectural design can
be evaluated for higher human performance as result of light. In an applicable smart
solutions, adopting such concept to relate occupants’ dwell and track data to their
real-time light-driven performance output could enhance the use of space where oc-
cupant performance can have great advantages.

Future Steps

The project seeks future steps in three categories. Further dissemination of the pro-
ject is being done through journal and magazine articles. For marketing purposes,
we will further distribute the developed simulation tool to our network in form of an
assessment protocol, a manual and a video tutorial. Several advances to the tool
can be made which are listed below and will be seen in the future upgrades of the
tool. These immediate steps are to initiate and integrate solutions in the developed
tool for better prediction of occupant orientation in the room in relation to light and
views. To estimate residents' performance levels based on the exposure character-
ization of light, a more comprehensive study needs to be conducted.
Disseminations
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e An abstract has been send to the International Building Simulation Associ-
ation conference 2021, Bruges, Belgium.

e Ajournal paper has been written together with one of the partners (VELUX
A/S) and in final stage of submission to LEUKOS.

e The developed simulation workflow has been developed using visual
scripting methods, was published on an open source platform. Its current
version is accessible on the following link:

https://zenodo.org/record/4039562
Marketing

e Development of a protocol for studies on performance and occupant be-
havior (position and direction) in space.

¢ A video and written tutorial is made for further promoting the tool.

e The simulation workflow has been debugged and re-written for ease of
use. In its current state, the user only needs a 3D geometry of the building
to be assessed.

Future Plan

The developed simulation workflow will be extended to include the view
outside the window as an important attribute of daylighting. An algorithm
will be incorporated in the simulation workflow in order to consider the posi-
tion of the window in the occupants’ field of view and its effect on the direc-

tion of line of sight and seating position of the occupants.

The simulation workflow currently is based on an algorithm and model that
accounts for gaze (occupant direction in space) behavior based on a pre-
liminary model. It does not include the position of occupants in relation to
view outside the window. This will be an addition to the simulation work-
flow.

The results from the exposure characterization and performance will be
combined for further findings. Performance data from the d2 test needs to
be analyzed more in-depth to make a comparison possible.

The algorithm introduced in the simulation workflow will then need further
study for validations.

Compare accuracy of simulations with global horizontal illuminance values derived
from DTU weather station and use for Lark Spectral Lighting simulations.
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Attachment B The simulation workflow: description and manual
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Attachment D Further explorative results from the questionnaire
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Attachment E Measurement points on site
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Attachment F A short summary in Danish





