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ABSTRACT Human circadian rhythm varies with different combinations of light sources. Natural light and
dark patterns regulate the sleeping and waking cycles of the human body. This study aimed to develop a
simplified model for daylight glare and circadian entrainment in an existing controlled daylight-artificial
light integrated system. In addition, the effects of window orientation, occupant position, artificial light,
daylight, and a combination of both on Circadian Stimulus (CS) were investigated. In a daylit interior
space, window orientation, shading control and occupant seating position play a significant role in the CS.
Simplified models to predict Daylight Glare Probability (DGP) and CS were estimated from the dataset.
The developed nonlinear CS estimation models have R-squared values of 0.983 and 0.974. The precision
of the models was evaluated in terms of standard error of regression (S) and AIC score. Multi-Objective
Genetic Algorithm based optimization technique was developed using the above models to minimize glare
and maximize CS in the working space. This optimisation methodology aids in implementing a complete
automation algorithm for the test workbench to achieve visual comfort and circadian entrainment.

INDEX TERMS Circadian stimulus, vertical eye illuminance, daylight glare probability, non-linear regres-
sion models, multi-objective genetic algorithm optimization.

I. INTRODUCTION

The biological clock of humans is directly correlated with
natural light and dark patterns [1]-[3]. It also regulates the
sleeping and waking cycle of the human body. Various light
exposures can alter the responses of the circadian system and
these effects can be predicted using different mathematical
models [4]-[6]. In contrast to the visual system, the circadian
system begins at the retina and moves toward the suprachi-
asmatic nuclei (SCN) located in the hypothalamus of the
brain. The other vital parts of the circadian system include
the retinal hypothalamic tract (RHT) and pineal gland. The
system follows the RHT path and advances toward the par-
aventricular nucleus (PVN) and superior cervical ganglion to
the pineal gland. At night, reduced lighting condition helps
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in the secretion of melatonin hormone in the pineal gland
and circulates throughout the body [7]. Recently discovered
melanopsin photoreceptors, also called intrinsically photo-
sensitive retinal ganglion cells (ipRGC), paved the way for
various cone and melanopic sensitivity functions [6], [8].
Owing to the intervention of artificial light, various shading
devices, other architectural and climatic features in closed
spaces, the synchronization of the human circadian system
result in lead or lag. Disruption of the natural circadian
rhythm eventually leads to reduced alertness, mood variations
and sleep pattern changes [9]-[15].

Similar to CIE Standard Observer response curve V(1),
researchers put forward different mathematical functions to
evaluate the circadian light [4], [16]-[19]. Different met-
rics are in the developmental stage to assess the circadian
impact on an occupant. Various standards, regulations and
recommended actions are put forward in the world lighting
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community to enhance the non-visual activities of the
occupants [20]-[25]. Based on the spectral power
distribution and the «-opic illuminance, lighting researchers
initiated the quantification of non-visual effects [5]. The
a-opic illuminances aided to interpret a quantity for each
of the five known photopigments in the eye. These quan-
tities are evaluated by weighting the incident light on the
corneal level with the individual spectral sensitivity functions
of the photopigments with the eye lens transmission of
a 32-year-old Standard Observer. Later utilizing the spec-
tral sensitivity functions, the national standards commit-
tee “Deutsches Institut fiir Normung” (DIN) established
melanopic factor of luminous radiation ane), and melanopic
daylight equivalent illuminance Ey el pes. These metrics
represent the effect of light on a single photopigment called
melanopsin. But the circadian system’s sensitivity also
depends on the signals from other photoreceptors, i.e., cones
and rods. Parallel to this, the “International WELL Building
Institute” (IWBI) put forward melanopic ratio Rpyel, ratio
and equivalent melanopic lux EML [20]-[22], which are
based on the melanopsin sensitivity function. In 2018, the
International Commission on Illumination CIE published its
metric system for quantifying the impact of incident light
on photoreceptors [23]. CIE system followed the previous
approach of the a-opic illuminance and calculated the quanti-
ties for each photoreceptor where the difference appears only
in the normalization of the quantities.

All these metrics are beneficial in revealing the effect
of each photoreceptor channel on an output parameter. But
they did not consider the complicated neuroanatomy of the
retina and the signal passages in the brain. The non-visual
effect of light on melatonin suppression or human circadian
rhythm cannot be described by a quantity established on a
single photopigment. In contrast to the above metrics, the
Lighting Research Institute (LRC) developed a new metric
called Circadian Stimulus (CS), which incorporates complex
neuroanatomy, neurophysiology, and the circadian system’s
characteristics. This metric underwent yearly revisions, and
the latest revised metric called Circadian Stimulus (CSyg1g)
increased its accuracy by explaining the melatonin suppres-
sion and human circadian system [4], [11], [24], [25]. Neu-
rophysiology plays a vital role in incorporating other visual
effects like brightness, visual clarity, scene preference and
colour preference.

Recommendations regarding CS for academic and office
purposes have been defined and applied in various field
studies[12], [13], [26]-[28]. CS varies from O to saturation
of 0.7. A minimum of CS 0.3 is recommended for circadian
entrainment at least for two continuous hours during the
daytime. The average CS can be calculated as shown in (1).
Circadian Light (CL4) is spectrally weighted irradiance of
the human circadian system.

cS=07%[1-—— (1
‘A
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CS represents the effectiveness of CLj or the amount
of nocturnal melatonin suppression after an hour of light
exposure [4], [11]. For example, a CS of 0.3 indicates
that 30% of nocturnal melatonin secretion is suppressed,
assuming the diameter of the eye pupil is 2.3 mm. Hence
as CS moves toward saturation, more hormonal suppres-
sion occurs. As previously discussed, to suppress the mela-
tonin hormone secreted by pineal gland, light passes through
the SCN, the primary pacemaker of the human biological
clock. Thus, light stimulates the circadian clock via SCN.
This indicates the indirect effect of CS thresholds on sleep
quality and well-being in humans.

Daylight is a perfect light source for synchronization of
human circadian system [29], [30]. Various studies have
also established the impact of vertical eye illuminance and
Correlated Colour Temperature (CCT) on circadian entrain-
ment [29]-[39]. It is suggested that to optimize interior
light availability to meet the circadian criteria of the occu-
pants, these factors need to be considered. An interior
daylit space can be controlled either by manual control
or a closed-loop control scheme [33], [40], [41]. The user
preference model can be easily incorporated by fixing the
setpoints according to the preference [42]. Daylight fused
with tunable LEDs in human-centric lighting enhances occu-
pant performance by improving visual comfort and mood
behaviour [42]-[44]. Enhancing the effectiveness of daylight
augments the non-visual response of humans to light.

While automating a daylit interior space, designers mainly
focus on maximum visual comfort with significantly less
glare. Artificial light should supplement the natural sun-
light without compormising the occupant’s eye level comfort.
Glare is the primary dimension of visual comfort in a room.
This indicates excessive luminance or contrast in a field of
view [45], [46]. The main subdivisions of glare are discom-
fort and disability. The discomfort glare based on subjective
responses can be quantified with various glare metrics [47].
Daylight glare metrics are defined based on the luminance of
the glare source, the size of the glare source, position index
and scene luminance [48]-[50]. Daylight Glare Index (DGI),
CIE Glare Index (CGI), Visual Comfort Probability (VCP),
Unified Glare Rating (UGR) and Daylight Glare Probability
(DGP) are widely used daylight glare metrics in lighting
simulations [45], [46].

Recently, the Daylight — Artificial light integration sys-
tem (DALIS) [51]-[55] has received significant attention.
With advancements in technology, various artificial lighting
control schemes have been developed to reduce energy con-
sumption by optimum usage of luminaires in the presence
of daylight [44], [56]. As a result, over the last 25 years,
the global lighting market has undergone enormous growth.
These systems incorporate shading, blinds, switchable films
or dynamic glazing, which are controlled in adaption to Day-
light [57]-[61]. The robust control of shading devices and
luminaires without losing the dynamic nature of a DALIS
system is the biggest challenge for lighting designers and it
plays a significant role in the evolution of automated blinds
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in daylit spaces. In 1996, fuzzy logic algorithms for Venetian
Blind controls were developed [62], [63]. Improved versioned
projects such as the real-time operation DELTA in 1996 and
NEUROBAT in 1998 are pioneers.

Il. MATERIALS AND METHODS

As previously mentioned, the computation of CS requires
costly spectrometers or daysimeters [64]. This requires a
large amount of investment to carry out experimentation.
Therefore, the first objective is to mathematically compute
the CS with generally known photometric quantities that are
easily measurable. Owing to the inherent non-linearity in CS
as in equation (1), the model estimation was performed using
the non-linear regression method. Here the model function
shown in equation (1). Vertical eye illuminance (Ey) and
CCT were selected as independent variables for model
evaluation.

Generally, any class of functions can be evaluated using
non-linear least squares estimation [65]. Unlike linear regres-
sion, the limitations are very small when using the parameters
in non-linear regression. Non-linear regression techniques
use measured data to form a model with non-linear functions
and one or more independent variables. The efficient use
of data provides reasonable estimates of unknown param-
eters. Successive approximations were used to implement
data fitting. Once the model was developed, its performance
was evaluated using residual plots, Error of Sum Squares
(SSE), Coefficient of determination (R square-Rz), Root
Mean Squared Error (RMSE), and Adjusted R-square[66].

The next goal of this work is to investigate glare issues
and how they can be incorporated into CS. Various studies
have shown the relevance of E, over other complex glare
metrics (such as DGI, UGR, and CGI) in predicting glare
sensation [67]. Another metric called [68] the ’Daylight
Glare Probability (DGP), indicates the per cent of occupants
disturbed by a daylighting glare scene. The glare sensation is
rated using the equation (2):

DGP = 5.87 x 107°Ey +9.18 x 10712
Liiws,i

x log (1 +) E3-87P.2) +0.16 ()
1

where E, is the vertical eye illuminance (lux); Lg is the
luminance of the i light source in the visual scene (Cd/m?),
ws; is the solid angle of the i™ scene light source (sr) and P is
the Guth position index.

The DGP was implemented in Radiance through Eval-
glare, a tool used to evaluate various glare metrics. Using an
HDR image, Evalglare estimated the daylight glare on an
annual basis perceived at a point [69]. The performance
and reliability of numerous established glare metrics were
compared through measurements conducted out in office-
like test rooms located in six different locations [70]. The
researchers found that the DGP is more reliable for discrim-
inating between disturbing and non-disturbing. In addition,
the metrics that account for the saturation effect in their
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equation, such as DGP, PGSV arated and UGRexp, perform
better in daylight-dominated workplaces than purely empiri-
cal metrics.

Recently, many studies have proposed methods to cal-
culate DGP in a fast and accurate manner. By omitting
the contrast term, a simplified linear regression model
solely on E, was developed by the authors as shown in
equation (3):

DGP = 0.184 4+ 6.22 x 107°E, 3)

However, this model is applicable in scenes where “‘no direct
sun or a specular reflection of it hits the eye of the
observer” [71].

The test room located at MIT-Manipal is designed to per-
form various simulations and performance analyses of the
automation algorithms for daylight-electrical light integra-
tion. The fuzzy logic algorithm in the LabVIEW platform
is implemented on an industry-standard myRIO controller
(National Instruments). The climate-responsive operation of
Venetian Blind and the controller integrated with the test
room provides real-time performance analysis. The test room
is automated for energy optimization and maximum visual
and thermal comfort [51]-[53]. The control algorithms suc-
cessfully captured the dynamic nature of our DALIS system.
However, the main limitation of this system is that it does
not incorporate the need for circadian stimulation of the
occupants. This system optimizes energy consumption, visual
comfort, and thermal comfort, but not CS. The final objective
was to derive an optimum solution set of photometric quan-
tities directly linked to the occupant’s circadian entrainment
and visual comfort. Hence the above- derived models of CS
and DGP can further be optimized to achieve this goal. The
primary considerations of this optimization are to minimize
glare and maximize CS.

This optimization problem was solved using an evolution-
ary optimization algorithm called Multi-Objective Genetic
Algorithms (MOGA)[72]. In this optimization problem,
a controlled elitist genetic algorithm (CEGA), which is an
adaptation of the non-dominated sorting genetic algorithm II
(NSGA-II)[73], is used. Elitism prevents evolutionary algo-
rithm without losing the set of reasonable solutions. The
simulations were performed in the GA toolbox using the
MATLAB platform. NSGA-II is an elitist mechanism that
provides a packed comparison operator with a relatively low
computational complexity. In addition, it shows more conver-
gence compared to the original NSGA-II.

The experiments were conducted in a controlled daylight-
artificial light integrated room consisting of an automated
Venetian Blind and daylight adaptive dimmable LED lumi-
naires [51]-[53], [74]-[77]. The system maintains interior
illuminance, temperature, uniformity, visual comfort (glare),
and thermal comfort. The pyranometer, which is kept on top
of the building, constantly logs irradiance data into the data
logger. The control inputs to the blind system were exter-
nal daylight on the window, solar altitude, and temperature
difference between the setpoint and exterior temperature.
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FIGURE 1. Graphical abstract of the work.

This fuzzy-based window blind control system maintains
visual and thermal comfort for the occupants and incor-
porates energy optimization when the occupant is absent.
The control system automatically senses the occupancy,
and the luminaires turn off/50% dimmed according to the
settings.

First, the CS level in the test room was measured under
various lighting conditions and the various related factors.
Various lighting scenarios include only artificial light, day-
light, and controlled daylight - artificial light integrated
scheme (DALIS) conditions. As per literature, a minimum
threshold of CS > 0.3 for at least 2 h in the daytime pro-
vides circadian stimulation to day-active occupants. Previ-
ous studies regarding the non-visual effect of light based
on the above threshold condition of CS have proven the
improvement in the well-being, alertness, and sleep quality of
occupants [12], [37]-[39]. Therefore hypothetically, the
meeting criteria of this work, that is, CS>=0.3, always
aids in the circadian entrainment of the occupant. Second,
a regression model of CS was obtained from the datasets of
various CCT and E, values. Later, a simplified regression
model for DGP with E, as the single predictor was estimated
using the glare dataset derived from Evalglare software.
This data set (image) was collected during the experimental
verification of the performance of DALIS control schemes.
Finally, a multi-objective genetic optimization technique was
designed to obtain optimal E, satisfying glare conditions
and CS. The sections detail the experimental setup and room
details, modelling, optimizing glare and CS at the observer’s
eye level, and inferring the data. The primary goals of this
study are as follows:

« Explore the effect of window orientation, occupant posi-
tion, lighting schemes with daylight, artificial light, the
combination of both and controlled lighting environ-
ment to meet the threshold of CS>0.3.

o Obtain computation models to evaluate CS without
any spectrometers and to predict DGP in the test
workbench.
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« Finally, incorporate the mathematical models of CS and
DGP to optimize the workbench for minimum glare and
maximum CS.

Fig.1 shows the graphical abstract of the research work.

A. EXPERIMENTAL INVESTIGATIONS

Experimental investigations were carried out in a test room
at MIT-Manipal (13.3525° N, 74.7928° E), a climate-
responsive automated control facility for Venetian Blinds
and luminaires [51]. The air-conditioned test room has a
dimension of 4 m x 4 m x 2.3 m with clear glass windows
of size 1.3 m x 1.3 m on all four wall sides, which can be
operated one at a time or multiple windows. The binds and
luminaire were automated using a climate model-based algo-
rithm implemented on an embedded control platform using
LabVIEW. The system is designed to adjust the blind position
to achieve visual and thermal comfort and energy saving by
maintaining the room temperature and interior illuminance at
the given setpoints. The work plane of the room (2m x 2m)
had two zones. The first zone was considered as one window
head height from each window, and the second zone was away
from the window. The authors developed fuzzy-based [51]
and predictive models [74] to predict the blind position to
achieve visual comfort, thermal comfort, and energy-savings.

The performance of the automated system was validated
by examining the real-time daylight on the window and both
zones of the work plane by varying the blind positions from
0% to 100%. Here, the system’s predictors are the irradiance
input from the pyranometer, temperature input from the sen-
sor and solar altitude.

The position of the window blind (alpha) was obtained
as the output data from the fuzzy model, as shown
in Fig.2 [51]. Fig. 3 shows the entire system with motor- con-
trolled Venetian blinds and two dimmable LED luminaires.
In this work, the investigations were done with different
lighting scenarios. The different cases are as follows:

o Only Daylight (DL), i.e., blinds open.

o Only artificial light (AL), i.e., blinds closed.
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FIGURE 2. Window Blind controller block diagram and visual & thermal comfort 3D surf
plot.

FIGURE 3. Interior view of the test room.

o Daylight and artificial light (DAL), i.e., not controlled,
blinds open.

o Daylight and artificial light integrated system (DALIS),
controlled.

Here, three weeks of readings during office timings from10
am to 5 pm under clear sky conditions were considered.
The solar path on 21st July at Manipal is shown in fig. 4.
Eye level/vertical illuminance (Ev), horizontal work plane
illuminance (Eh), CCT and spectrum of the light falling at
the eye were measured for all orientations. In offices, people
do not prefer to see in the window direction to avoid at glare
sensation.

Hence, the position of the occupant changed in all sets of
measurements. For the same experimental setup, the occupant
sat on all four sides of the workplane. This incorporates
variations in the vertical plane measurements in all direc-
tions. The floor plan of the test room is illustrated in Fig. 5.
The illuminance, CCT and spectrum were measured by using
a CL-500A spectrophotometer. Circadian metric CS was
evaluated using the excel-based LRC toolbox [25]. The hor-
izontal work plane was considered at a height of 0.8 m from
the floor level, and vertical illuminance was measured at the
eye level height (1.2 m), as shown in Fig. 6. The potential
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FIGURE 4. Solar path on 21t July at Manipal.

of circadian light is defined as a minimum of 0.3 CS at the
occupant’s eye level during daytime for at least two hours.

Ill. RESULTS

Table 1 shows the correlation of CCT and E, with CS,
for which readings were taken in all four orientations with
blinds completely open and artificial lights off. A correlation
test was done for 1700 samples, to examine the effects of
variations in E, and CCT on changes in CS. The non-linear
correlation between the two variables was identified using
Spearman’s correlation test. Rather than the Pearson’s coefti-
cient, which is mostly suitable for obtaining linear correlation
the former is more suitable for non linear correlation. Rather
than CCT changes, the variation in E, was highly correlated
with the CS.

A. WINDOW ORIENTATION AND OBSERVER FACING
TOWARDS THE WINDOW

A window plays a significant role in allowing daylight
inside a building. It is well known that proper window
design helps in energy savings, visual comfort and thermal
comfort [59], [78]-[80]. Different shading controls also help
correlate daylight availability with visual comfort in the inte-
rior space [56], [60], [81]. Recent studies have demonstrated
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FIGURE 6. Graphical view of the measurement setup.

TABLE 1. Correlation of CCT and Ey with CS.

Spearman's rho Correlation Ev CCT
CS Correlation
898" 282"
Coefficient
Sign. (2-tailed) .000  .000

**_Correlation is significant at the 0.01 level (2-tailed).

an association between daylight and health outcomes [9],
[28], [29], [39], [42], [82]. This experiment set was performed
to determine the effect of facing an open window at the level
of CS. In all cases, the E,/E} ratio was higher than 0.8, and
CCT was recorded more than 4900 K, as shown in Fig. 7.
An occupant facing an open window in any direction during
the morning satisfies a CS of 0.3 and above. This situation
arises because of the short wavelength in the daylight spec-
trum which directly falls on the eye.
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CCT(K) "~ EvEh

FIGURE 7. Variation in CS with CCT and Ey/Ey, while facing an opened
window.

A person can occupy a position such that they may face
the opened window. However, direct exposure to short wave-
length leads to glare issues for the occupants [83]. Therefore,
the selection of the seating position is such that there is mini-
mum glare and maximum CS. Thus, a controlled environment
reduces the glare problems.

B. OCCUPANT POSITION AND LIGHTING SCHEME
Daylight energises a person’s circadian. Receiving daylight
with a shorter wavelength at the retina stimulates the alert-
ness and mood of a person. However, it is also essential to
control the daylight to eliminate visual discomfort [40], [42],
[47], [76]. Hence, it is crucial to determine where a person
should occupy the space in a room. Here, the seating position
of the occupant was changed to observe the alterations in the
CS. In this dataset, the east-oriented window was set to be
in the operating condition. The occupant’s facing direction
was changed to obtain the relevance of seating in the test
room. The suitability of the different lighting schemes in
the test room was also evaluated based on E,, Ey/E;, CS,
and CCT. Data were recorded on the same day, at the exact
time point. As mentioned in the previous section, each case
of the lighting schemes is as follows:- AL-1, DL-2, DAL-3,
and DALIS-4. Different colour shading shows the occupant’s
seating position (sitting in the south, west, north or east)
toward the monitor (fig. 8).

Here, the occupant on the west side receives the highest
CS than in all lighting schemes and is because the occupant
is facing the open east-oriented window, and consequently,
more light reaches the eye.

However, this position is not preferred to be occupied in
a workspace because of the glare sensation. In comparison
with other seating positions, northside provides the minimum
CS for circadian entrainment. The DAL scheme provides the
highest E, and, consequently, a high CS among all lighting
schemes. However, the Ey/E;, was 37.5% lower than that of
the DL scheme. Hence, this indicates the presence of more
Ej;, in the DAL scheme. Compared to the DL scheme, there
was a 50% increase in E}, in the DAL owing to artificial light.
In the DAL mode, a higher E, may lead to uncomfortable
glare conditions. In the DALIS mode, except for the east
side, all other sides were suitable for working with minor
settings dimming for a minimum CS value of 0.3. Under
these lighting conditions, the Ev/Eh ratio was almost similar
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FIGURE 8. Variation in CCT, Ey, CS and Ey/Ep, under different lighting
schemes.

to that of the DL scheme, but Ev was 25% less. Hence,
in terms of CS and glare, the integrated scheme of daylight
and electrical light provides a better workspace than other
lighting conditions. Fig. 9 shows the variation in CS with
CCT and E,/E} ratio changes. The maximum observed CS
is 0.58. When the E,/E}, ratio is more than 1, the probability
of a CS greater than 0.3 increases. However, a higher Ev/Eh
ratio may result in either low E, and E}, or higher horizontal
and vertical illuminance, creating visual discomfort.

05
04
03
02
ol
0

According to the IESNA lighting standards, the work plane
illuminance in a daylit office ranges from 300 Ix (intensive
computer tasks) to 500 Ix (variety of tasks) [84]. These stan-
dards help optimize E,/Ej, ratio in interiors to improve visual
acuity. Once the horizontal illuminance is set, it becomes
easier to derive the proper E,/E;, ratio.

06

0.4

cs

0.2

6000
4000 2
2000 1 15
0 0 0.5
CCT(K) Ev/Eh

FIGURE 9. Variation in CS with CCT and Ev/Eh.

C. ESTIMATION OF A SIMPLIFIED MODEL FOR GLARE
PREDICTION

The dataset for deriving the model for E, with DGP was
obtained from the DALIS controlled room. The daylight glare
metric can be obtained using High Dynamic Range (HDR)
photographs of daylight scenes and a specific software called
Evalglare [68], [70], [85]. Evalglare is radiance-based soft-
ware that detects glare sources in a 180° HDR fisheye
image [56], [86]. Using Evalglare software, the daylight
glare was estimated from the HDR images of the scenes.
A Canon 750D digital camera, mounted on a tripod, was
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used to capture HDR images at a height of 1.2m above the
floor level. A Canon EF 8-15 mm /4 USM fisheye lens was
used to capture the scenes. Eleven LDR images with varying
exposure values (—5 t0 45 with increments of 4 1) were taken
for each HDR image. The circular images were fused into a
single HDR photograph using Photosphere [19], [69], [76],
[85], [86]. When capturing images of daylit interior spaces,
there may be a chance of luminance overflow. In these cases,
camera-level vertical illuminance (E,) was used to calibrate
the images, unlike luminance calibration. The HDR images
from the Photosphere were cropped to 800 x 800 pixels
with an exposure set to 1. The images obtained from a full-
frame camera with a 180 fisheye lens had equidistant, equal-
solid or hemispherical projections. Because the Canon EF
8-15 mm /4L USM lens uses an equal solid angle (equal
area) projection, the images were cosine-corrected before
illuminance calibration. The calibrated HDR images with
Evalglare software were used to estimate the DGP [68],
[69], [76], [86]. A Konica Minolta chromameter (CL-200A)
was used to measure the vertical illuminance. The complete
calibration procedure and workflow have been mentioned in
author’s previous works, which are already mentioned in the
manuscript [74], [75], [76].

Fig.10 shows sample images of glare evaluation using
HDR photography and Evalglare [74]. Images were captured
in previous experiments by the author at different times. For
the simple evaluation of DGP with only E,, a standard linear
regression equation (Equation (5)) was found for a set of test
data, which was similar to Equation (3). Equation (4) shows
the linear polynomial model for the set of observations.

S @) = (pl xx) +p2 4
DGP = 0.185 + (6.998 x 10’5EV) 5)

Table 2 shows the estimated coefficients of the linear model
and its goodness-of-fit. Table 3 lists the limits of the DGP for
glare sensation [87], [88]. For a glare-free space, the
DGP is recommended to be less than 0.3, which is impercep-
tible. These limits help divide the eye illuminance to avoid
glare issues in a daylit space.

TABLE 2. Estimated coefficients and the goodness of fit.

Coefficients (with 95% confidence bounds)

pl 6.998e-05 (6.904¢-05, 7.093¢-05)
p2 0.1851 (0.1847, 0.1855)
Goodness-of-fit

SSE 0.002902

R-square 0.9992

Adj. R-square 0.9992

RMSE 0.002735

The preliminary visual comfort threshold for E, is
875-1250 lux, [89] where E, > 1250 Ix indicates a dis-
comfort condition. Later the same dataset was reanalyzed in
another study, and a threshold value of E, > 1500 Ix was
found. In another study, a slightly higher threshold value
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FIGURE 10. HDR images and EVALGLARE results for sample images.

TABLE 3. Limits of DGP for glare sensation.

Glare sensation DGP
Imperceptible <0.3
Perceptible 0.30-0.35
Disturbing 0.35-0.45
Intolerable >0.45

of E, as 1700 Ix was found for omitting glare sensations in
office environments [90]. Based on the field study carried
out in two side-lit office spaces under various sky condi-
tions, researchers [91]identified the following E, thresholds:
E, < 2000 Ix for ’imperceptible’ glare, 2000-3000 Ix for
"perceptible’ glare, 3000-5000 Ix for ’disturbing glare, and
E, > 5000 Ix for ’intolerable’ glare.

Similarly, [88] a threshold value of 2760 Ix for the total
vertical illuminance and 1000 Ix for the direct vertical illu-
minance were proposed. In another study [92], the authors
investigated glare from windows by using an epidemiologi-
cal approach. This was used to test the diagnostic accuracy
of different glare indices by crossing measurements, and
subjective judgments in three different daylit experimental
scenarios, defined as ’low’, "'medium’, and "high probabilities
of being disturbed by the glare source. For each scenario,
a corresponding E, thresholds of : 2600 1x, 3040 Ix, and
6700 Ix, respectively were identified.

Fig.11 shows the measured E, and corresponding DGP
values obtained in the test room using Evalglare. HDR images
were acquired from previous experiments conducted by the
author in the test room. Fig. 11 shows that an E, of less
than 1500 Ix provides imperceptible glare. Hence, with the
previous literature and the observations made from the test
room, E, ranges from 500 1x-1250 1x can be made available
to obtain circadian entrainment. Recent studies have shown
that a shorter wavelength may lead to glare issues [83]. When
the blue light is greater in the morning, the maximum limit of
the vertical illuminance can be fixed at lesser than 1250 Ix.
Because the contrast term corresponding to the luminance
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FIGURE 11. Variation in DGP with Ey.

source is not considered, this model is not applicable in cases
where the sun is present a visual scene. Hence, this equation
is suitable mainly for automatic shading control schemes that
consider the sun position.

D. NONLINEAR REGRESSION MODEL FOR ESTIMATING CS
Nonlinear regression analysis has been widely adapted to
model a function that describes the set of observations.
The functions are nonlinear combinations of parameters and
independent variables. Successive approximations were per-
formed at each iteration to fit the data. The confidence
interval of the estimate can be used to assess the statistical
significance of a parameter. If the null value is excluded, it can
be said that the parameter is statistically significant.

Here, the aim is to estimate the point-by-point CS using
easily measurable photometric quantities. Hence, this model
was further implemented to optimize circadian effectiveness
in day-lit space. The actual equation of the CS equation is in
terms of CL4, hence it was replaced with E, and CCT. Both
quantities are strongly related to CS and are easily measurable
using affordable sensors. Consequently, E, and CCT were
selected as independent parameters for the model, and the
fitting function based on the actual equation of CS is proposed
as follows.

0.7
1 +ax* Eb % (CCT /1000)°

CS (Ev,CCT) =0.7 - 6)

In this section, the measured CCT values are converted
to nominal CCT and specified according to the CCT ANSI
standard, as listed in Table 4. Manufacturers usually describe
the CCT range for a particular source in nominal values.
According to ANSI standards, there are 10 nominal CCT,
ranging from 2200 K to 6500 K. Readings outside of these
limits were rounded to the nearest hundreds. Table 3 lists the
nominal CCT values and their corresponding range.

All data from the experiments and the available datasheets
of the different luminaires were used to establish the math-
ematical model of the CS. Real-time data was used to vali-
date the estimated model. The analysis was performed using
SPSS 23.0. Levenberg-Marquardt (LM) method was used to
estimate the parameters [93], [94]. The number of iterations
was 50, and the sum of the square convergence and parameter
convergence was fixed at 1 x 1078, Based on the previous
literature, the initial values of parameters was 0.0001 for ’a’
and 1 for’b’ and ’c’, respectively. The absence of a reasonable
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TABLE 4. Nominal values of CCT.

CCTanst | CCT CCTans1 | CCT

2200K (2238+102) K | 4000K | (3985+275)K
2500 K (2460 £ 120) K | 4500K | (4503 £243) K
2700 K (2725+£145)K | 5000K | (5029 +283) K
3000 K (3045£175)K | 5700K | (5667 +355)K
3500 K (3465+£245)K | 6500K | (6532+510)K

estimate of the initial values may lead to a local minimum
rather than a global minimum.

Hence, the initial guess is crucial in the LM algorithm to
avoid convergence towards the local minimum. The param-
eters estimated from the regression analysis are shown
in Table 5. All parameters were rounded to three digits and
were statistically significant; the standard error was less than
0.05. All parameters were close to their initial values. As the
residual plot in fig. 12 does not show a random pattern,
there is more space for improving the fitness of the model.
The error plot in fig.13 shows more deviation between the
observed and predicted values in the range of 3500 K-5000 K
compared with other CCT’s.

TABLE 5. Estimated parameters for general model.

Parameter | Estimate | Std.Error | 95% Confidence
interval
Lower | Upper
Bound | Bound
a 2.726 <0.001 1.546 3.905
x 1076 x 107 | x 107°
b 1.135 0.011 1.112 1.157
C 0.719 0.024 0.672 0.766
R2 0.919
Adj.R2 0.919
RMSE 0.045

In addition, there were many outliers. Therefore, the gen-
eral model induces unacceptable errors.

To improve fitness, the data were categorized as 3500 K
and above. Group’ a’, also called "ga’ denotes the dataset
for CCT < 3500 K and group ’b’ called ’gb’ represents
dataset above CCT > 3500 K. Also, all the outliers were
removed to increase the accuracy of the models. The table
shows’ a’, ’b’, ’c’, R2, Adj R2 and RMSE for both mod-
els. Both "ga’ and ’gb’ models improved in R-squared and
RMSE as mentioned in Tables 6 and 7. The standard error of
regression (S) indicates the precision of the prediction made
by the nonlinear models. This depicts the average distance
of the data points from the regression line. Low value of ‘S’
indicates the closeness of data points to the fitness line. Here
the average distance from regression line is 1.8% in‘ga’ and
2.5% in ‘gb’.

The Akaike information criterion (AIC) is another measure
used to estimate the prediction error of models. AIC expresses
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FIGURE 13. Error in predicted values of CS in various ranges of CCT.

the quality of the model by evaluating the loss of information
compared to the experimental data. In other words, it is the
comparison of models where the value of AIC expresses
the loss of information by the model studied; the lower the
value of AIC, less information loss and the more accurate and
precise the model chosen.

AIC defined as follows in equation (7):

AIC = N « log(det(]% lev ¢ (r, e}v) (e (t, 9},))T
21, + N % (ny + (log @m) + 1) (7)

where,

N is the number of values in the estimation data set

&(t) is a ny-by-1 vector of prediction errors

On represents the estimated parameters

ny, is the number of estimated parameters

n, is the number of model outputs

Model’ga’ has an AIC score of —0.0024 and ‘gb’ —0.0045.
Thus, the precision of both the models was within an accept-
able range. The residual plot in fig. 14,shows more random-
ness compared with the residual plot in the previous general
modeling.
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TABLE 6. Estimated parameters for group ‘ga’.

For CCT < 3500 K, group 'a' ("ga')

Parameter | Estimate | Std. 95%  Confidence
Error interval
Lower Upper
Bound Bound
a 0.001 <0.001 | 0.001 0.001
b 1.067 0.009 1.049 1.085
c 0.703 0.081 0.544 0.863
R2 0.983
Adj.R2 0.983
RMSE 0.032
S 0.018
AIC -0.0024
TABLE 7. Estimated parameters for group’ gb".
For CCT > 3500 K, group 'b' ('gb")
Parameter | Estimate | Std. 95% Confidence
Error | interval
Lower Upper
Bound Bound
a 5.222 <0.001 4.449 5.995
x 1075 x 1075 | x 1075
b 1.137 0.008 1.121 1.152
c 1.870 0.028 1.814 1.925
R2 0.974
Adj.R2 0.974
RMSE 0.032
S 0.025
AIC -0.0045

A real-time dataset was obtained for a single day from
the test room to validate the above models. The data were
collected from morning 10.00 am to evening 5.00 pm
in 30 min.

The window on the eastside was kept open, and the mea-
surements were taken from all occupant positions facing the
computer screen. The luminaires were maintained on for the
entire duration of the measurement and were not dimmed.
Venetian blinds were kept 100% open for maximum daylight
entry.

As in fig.15 and 16, both plots come up with accepted R? of
0.9972 and 0.9824 for both groups’ ga’ and ’gb’. All outliers
were removed. These plots show the accuracies of the esti-
mated models. These models can be further implemented to
simultaneously optimize the glare and circadian effectiveness
in the test room under consideration.

E. OPTIMIZATION OF DGP AND CS

Optimization techniques help develop conditional solu-
tions for various engineering and non-engineering problems.
Enhancing the test room control algorithm prioritizing cir-
cadian impact requires further understanding of the relation-
ships between photometric variables and circadian metrics.
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These relationships help incorporate circadian tunability in
the present algorithm using various optimization methods.
The formulation of fitness functions and their constraints
is a key element in developing an optimization problem.
In this study, the primary considerations for the optimization
were (1) minimizing the glare and (2) maximizing the CS.
The optimized E, and CCT were determined using the
derived models for the glare and CS functions. An evolution-
ary optimization algorithm called Multi-Objective Genetic
Algorithms (MOGA) was used to solve this problem. Sim-
ulations were performed using the GA toolbox in MATLAB.
These algorithms are initialized using a randomly generated
population of solutions, known as chromosomes. Each chro-
mosome underwent a fitness evaluation using the objective
functions. Chromosomes with higher fitness function values
(maximizing conditions) were selected for mating in the next
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FIGURE 17. Optimum solution set of Ey and CCT.

stage. Successful chromosomes undergo crossover and gener-
ate the next generation of solutions. Random mutations were
introduced to prevent convergence to a local optimum. After
several iterations, as the generation progresses, the solution
converges towards chromosomes with higher fitness values.

The optimization was performed under inequality con-
straints for minimum glare and maximum circadian stimula-
tion within the saturation limits. DGP is restricted to <0.3 to
match the typical values for glare sensation. To ensure circa-
dian stimulation, CS was bound within 0.3 and 0.7.

This optimization aims to minimize the glare and max-
imize the circadian stimulation in the test workbench. The
objective functions were as follows:

f1 ) =DGP,f (x) =—CS (E,, CCT) ®)
Subjected to constraints

f1() <0.3, 0.3<f, (x)<0.7 )

Where k depends on the CCT range selected. ‘ k’ is 2 for CCT
greater than 3500 K Ix and 3 for lesser values.
where x is the input vector which is expressed as follows

x = {Ey, CCT}

Once the optimization is terminated, all solution sest that
satisfy the fitness functions are considered, and invalid solu-
tions are rejected. The pseudocode for the optimization is as
follows:
Step 1: Establish fitness functions for CS f;(x) and Glare
f1(x).
Step 2: Set the bounds for E, and CCT: E, is {50, 2000};
CCT {2700, 3500} and {4000,7500}
Step 3: Set the constraints f1 (x) < 0.3, 0.3 < f,(x) <
0.7 and parameters.
Step 4: Initialize the population size.
Step 5: Create random individuals.
Step 6: While iteration is not terminated
Evaluate the fitness of each individual.
Selection of individuals based on fitness

38184

Crossover and mutation are performed to change
individuals.
Changse individuals in the population.
Iteration =iteration+1.
End while
Step 7: Return the best individual (E,, CCT) during
evolution.
Fig. 17 shows the optimized solution set for the minimum
glare and maximum circadian triggers in the test room. All
the solution set satisfy a minimum CS value of 0.3 and
DGP < 0.3.

IV. DISCUSSIONS

The main objective of this study was to develop an optimiza-
tion methodology for visual comfort with circadian entrain-
ment of occupant. This optimization procedure enables the
user to incorporate circadian entrainment along with visual
comfort. Inaddition, this paper illustrates the impact of win-
dow orientation, the occupant’s seating position, and vari-
ous lighting schemes on circadian Stimuli. It helps lighting
designers perform a preoccupancy evaluation of circadian
effectiveness at different positions in an interior space. The
suitability of the different lighting schemes in the test room
was evaluated based on Ey, Ey/Ey, CS and CCT. In the DALIS
mode, except for the occupant sitting on the east side where
the window is kept open, all other sides are suitable for dim-
ming settings to obtain a minimum CS value of 0.3. Circadian
potential is higher when a person faces a window. However,
this position is not usually preferred by the occupant because
of the high possibility of glare. For an ample office space, the
room’s depth from the window also influences the occupant’s
light quantity at the eye level. Hence a person’s circadian
effectiveness is also affected unless there is an auxiliary
light source. Although there is a uniform illuminance in the
workspace, the required amount of E, is not available at
some times. Replacing a dimmable luminaire with a tunable
luminaire or auxiliary light in the workspace may also provide
required CS at the eye level.

Simplified mathematical models were developed to pre-
dict CS and DGP in a daylit interior space. The predictors
for CS were E, and CCT (ANSI Standards), which are
easily measurable by colour and illuminance sensors and
the need for expensive spectrophotometers can be discarded
with this methodology. The dataset was categorized based
on its nominal CCT (nominal CCT > 3500 K and nominal
CCT < 3500 K). While estimating the nonlinear regression
models for CS, the error greater for CCT 3500 K, 4000 K
and 4500 K. The individual deviation from the observed value
was less in the other CCT’s. These models can be improved
further by adding more spectral sources to these ranges.

According to the literature and correlation test, CS is highly
related to vertical eye illuminance. The CS mainly changes
owing to variations in E,. By following the changes in E,,
CS can be predicted accurately. The vertical eye illuminance
(Ey) or the light level reaching the human eye varies with
changes in building geometries such as room depth, ceiling
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and wall reflectance factors, window size, shading elements,
light sources, daylight and electric light and other external
conditions such as sky type and seasonal variation. Ina ddi-
tion, as the distance from the windows changed, E,, duv
(delta uv) and CCT varied. Unless the interior space does not
have uniform lighting or a controlled daylight-artificial light
climate-responsive system, there are variations in the above
three photometric quantities at different locations. Conse-
quently, in these scenarios, CS also changes. Typically, CCT
is used to extract the chromaticity information of general-
purpose luminaires. Duv is another quantity which describes
the colour quality of the light sources and ndicates the posi-
tion of chromaticity with respect to the Planckian locus [95].
Duv is generally used to optimise luminaire spectra. Because,
the experiment is carried out in daylit spaces and under white
light sources, duv will not be more than 0.005. It can be
evaluated with the knowledge of CCT and ‘x’,)’y’ or ‘u’,’v’
coordinates. The deviation in duv is directly related to the
CCT variation. The Prediction of CS based on CCT and duv
will result in an erroneous output, because both are highly
correlated. In this study, the change in climatic conditions
or locations does not affect the prediction of CS since it is
entirely dependent on E, and CCT (duv). Thus if there are
any changes in the climatic conditions or other factors as pre-
viously mentioned, the change in CS can be well predicted.

The lighting standards already recommend the desired hor-
izontal illuminance (Ep) in an interior office space. It is also
necessary to confirm the interior space is a glare-free lit area.
For a daylit space, the commonly used glare metric is DGP
(Daylight Glare Probability). A linear regression model was
established for the DGP in E, using the measured values in
line with previous research. The maximum limit of vertical
illuminance to reduce glare was 1500 1x. From the literature
and observations, this value can be fixed at less than 1250 lux.

Ths study has some limitations. Our results do not consider
the human factors such as the photic history or past exposure
to light of the occupants in the room. Exposure to high levels
of CS in late evenings may affect the behaviour of occupants
the next morning. Hence, in reality, the behavioural patterns
of occupants are important when designing an effective cir-
cadian lighting system. In addition, E, measured at the eye
level helps to predict CS. However, in an actual scenario, light
reaching at the retina will be less or it is dependent on the
facial contours and features of the occupants, which leads to
the natural shading of the eye. Thus, the simulated CS level
can be higher than the actual levels, and hence, the lighting
design can achieve a minimum of CS 0.4.

Finally, both models were incorporated to minimize the
glare and maximize the CS in the workspace. The MOGA has
been implemented to optimize visual comfort and circadian
effectiveness. This novel methodology of optimizing visual
comfort and circadian effectiveness with a common predictor
variable (Ey) can be easily incorporated into the daylight-
artificial light integration. It is our hope that, lighting design-
ers can effectively use these ideas for building automation that
promotes circadian entrainment along with visual comfort.
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An additional cost of a few light sensors and colour sensors
helps bring a “healthy lighting” ambience in the interior space.

V. CONCLUSION

This study illustrates the impact of window orientation, the
occupant’s seating position, and various lighting schemes on
circadian Stimuli. Regression models for DGP and CS were
developed to remove barriers to incorporating the circadian
entrainment in the automation algorithm for visual comfort.
Based on the experiments and data analysis, we conclude that,

« For a daylit-office space, it is necessary to choose a
proper E,/Ey, ratio to obtain CS as 0.3 and meet Ej;, in
range of 300 Ix to 500 Ix, as per the IESNA standards.
E, of 500 Ix provided a CS of 0.3.

o The occupant’s seating position inside the daylit space
plays a vital role in circadian stimulation. Even though
a high E, boosts the CS, it leads to visual discomfort to
the occupants. E, should be less than 1500 1x, so that
there is no glare sensation for the occupant.

o The developed linear regression model for the DGP in E,
using the measured values aligns with previous research.
Thus, the maximum limit of E, for reducing glare was
1500 1x. During the morning, the blue light content
higher and the maximum limit of vertical illuminance
can be fixed at less than 1250 Ix to avoid glare issues
(in line with literature and observations).

« Although there is uniform illuminance in the workspace,
the required amount of E, is not available at some time.
Replacing a dimmable luminaire with a tunable lumi-
naire auxiliary light in the workspace may also provide
the required CS at the eye level.

o The developed nonlinear CS estimation models have
R-squared values of 0.983 and 0.974, respectively. The
precision of the models was evaluated in terms of stan-
dard error of regression (S) and AIC score. S comes with
a value of 1.8% and 2.5% for the models ‘ga’ and ‘gb’
respectively. —0.0024 and -0.0045 were the AIC score
for models ‘ga’ and ‘gb’ respectively. This model can
be implemented in the daylight-artificial light control
algorithm to optimise occupants’ visual comfort and
circadian stimulation.

o The derived models for CS and DGP were used to
optimize glare and circadian stimulation. Using GA,
the multi-objective optimization evaluated the minimum
values of CCT and E, to obtain glare-free light and
circadian boosting.

« Optimizing daylight-artificial light scheme with climate-
responsive automated shading control and Luminaire
dimming taking CS also as a variant in addition to visual
comfort, thermal comfort and energy efficiency is the
future requirement.
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