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Abstract

Standardized and appropriate road lighting is crucial for industrialization, economic progress,
individual safety and security, work efficiency, and human well-being in a growing nation like
India. Aside from that, the development of power LEDs and their application in street lighting
luminaires has revolutionized the design schemes of street lighting due to their controllability, low
power consumption, and longer lifespan in terms of a variety of lighting parameters, including
efficacy, color rendering index (CRI), luminance, correlated color temperature (CCT), and
dynamic nature. They not only replaced age old light sources like incandescent lamps, high
intensity discharge lamps, fluorescent lamps etc., but also opened a vast plethora of research
domains, where optimization of lights and lighting designs can be done by examining the visual
and non-visual effects of various lighting parameters on human observers. Detection of intrinsic
photosensitive retinal ganglion cell (ipRGC) in human eye and extensive study on circadian
rhythm already established that light has profound effect on human physiology and psychology.
Since then, efforts are made to optimize the indoor or outdoor light keeping the human needs in
mind and these types of lighting designs are named as ‘Human Centric Lighting’. Human centric
lighting can help users since it considers factors that can improve their mood, productivity, health,
etc. Additionally, it has been established that LED lighting is more energy-efficient than traditional
lighting options and they have a longer lifespan, use much less electricity, have a smaller carbon
impact, and have lower energy costs.

That is why, the primary focus of this thesis is to develop a smart energy efficient human centric
street lighting in Indian context by analyzing visual and non-visual effects of various lighting
parameters on object detection of human observers. It investigates the effect of LED lighting
systems on object detection capabilities, focusing on varying correlated color temperatures (CCTs)
and flickering frequencies of LED light sources. This research is driven by the growing demand
for street lighting systems that are both energy-efficient and user-friendly, aiming to improve safety
while reducing environmental impact and financial expenses. The research is grounded in multiple
laboratory and field studies, as well as innovative experimental designs that examine the
interaction between lighting parameters and human visual and non-visual performances under
various environmental conditions. This thesis builds on a series of interconnected studies carried
out over several years.

The first study explored the understanding of human performance under different lighting
conditions. It assessed how varying CCT levels influence drivers' reaction times and visibility
levels. Conducted in a controlled laboratory setting, the experiment revealed that increasing
ambient lighting from peripheral sources reduced reaction times. Importantly, this study
established a correlation between CCT, reaction times, and visibility levels. The findings suggested
that peripheral lighting sources could significantly enhance object detection, thus providing a basis
for optimizing street lighting designs to improve driver safety and comfort. The study revealed that
a 4000K CCT of main source offered the best object recognition results when peripheral lights
were turned off. Further experimentation identified optimal CCT levels of 5000K for the main
source and 6000K for peripheral sources, reaffirming the central role of CCT in designing effective
street lighting schemes. Additionally, another behavioral study is also done with the same
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experimental setup, which supported the previous results. Building on the results of the previous
studies, subsequent research addressed the effect of peripheral flickering LED light sources on
static human observers’ ability to recognize objects. This laboratory-based experiment tested the
influence of different flicker frequencies of peripheral sources and CCTs of main LED source on
human visual and non-visual performances. The findings were profound, which is increment of
the CCT of the main light source reduced reaction times, while the flicker of peripheral LED lights
increased reaction times. These insights highlighted the negative impact of flickering on human
visual performance, particularly when peripheral lights were involved, suggesting the need for
stable lighting conditions to enhance safety.

The next phase of research tackled emerging dimming concepts, like Beam Angle Switching
(BAS) and Pulse Width Modulation (PWM), aimed at energy saving. Impact of BAS technique on
human performance including drivers’ performance is also reviewed. Furthermore, validation of
BAS method is also carried out in laboratory by checking whether the lumen output is depreciated
or not when the LED is subjected to frequent switching and it is found that BAS technique does
not alter the lumen output and does not have any effect on LED body (heat sink) temperature.
Besides, a precise case study for arterial roads of Jadavpur University, employing BAS enabled
street lights in place of existing ones, is conducted. Study found that the upgraded street lighting
system can reduce 55.52% of electrical energy consumption saving roughly 53.14 tons of CO2
emissions per year compared to the old installed street lighting. After that, another study is also
done to amalgamate PWM dimming and BAS technique to achieve further energy saving. Besides,
experimentation is also done to find the effect of variation of switching frequencies of PWM signal
on LEDs’ CCT and it is seen that switching frequencies have least effect on CCT.

Third phase of this research is aimed to optimize LED street light depending upon the decoded
temporal brain processes of the human observer, realized using Electroencephalograph (EEG) and
Galvanic Skin Response (GSR) during object detection task under specially designed experimental
lighting scenes, where the CCT of main and peripheral sources are varied. Effects of peripheral
and main source CCTs on various frequency bands of EEG signals, event related potentials (ERP)
and GSR are measured. Besides, reaction time and behavioral studies also done to corelate all the
findings of the experimentation. It is found that CCT range of 4500K to 5000K for both the main
and peripheral light sources is optimal for accurate object recognition. Furthermore, a score factor
for lighting scenes is also proposed for evaluation of human centrism and it can be used as a future
metric. Finally depending upon all the previous findings, a smart energy efficient CCT tunable
human centric smart luminaire system is developed. Furthermore, another low-cost device, which
can be used for monitoring of CCT, is developed to measure the real-time CCT values of the
developed light source using RGB sensor and regression models.

In conclusion, this thesis presents a comprehensive exploration of the interaction between smart
lighting technologies and human visual and non-visual performances. It provides actionable
insights for designing energy-efficient, human-centric street lighting systems that enhance safety
and visibility while reducing energy consumption. The research findings suggest that careful
manipulation of CCT, flicker, and usage of PWM dimming and beam angle switching can
significantly improve object detection and overall user satisfaction and reduce energy
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consumption, making it a valuable contribution to the field of smart street lighting and road safety.
These insights pave the way for future innovations in lighting design, with the potential for
widespread application in urban planning and traffic safety management.
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Chapter 1: Introduction

1.1. Introduction

limate change, carbon emission reduction, and independence from fossil fuels have been
Cmajor global challenges in recent decades. Enormous research efforts are also being made

to create human friendly rather human oriented systems or machines to nurture human
emotion, mood and to reduce human workload. Numerous initiatives to address and implement
these issues have begun to yield positive results, with the percentage of energy generated from
renewable sources increasing dramatically. Graphical representation for renewable energy
generation is given in Fig. 1.1.
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Fig.1.1: Proportion of Renewable Energy in Yearly Power Capacity Growth

One of the major public convenience systems in India, which consumes a huge chunk of electrical
energy is street lighting. Approximately 78 million street lights provide illumination across Indian
roads as of FY2019 [1]. Statistics reveal that 1% to 3% of our produced electrical energy (about
8,478 GWh of electricity in FY 13) is needed to illuminate our streets for a particular municipality
in India, where the maintenance cost of them can reach up-to 10-15% of the municipal budget. It
is proven that, using effective lighting designs can cut energy use by 25-60% in India [2-3].

1



Generally, the lamps utilized in these luminaires are from prehistoric times. The majority of them
are fluorescent lamps, sodium vapor lamps (SVL), incandescent lamps, metal halide lamps, or
CFLs. Besides, one of the major problems in India is that, the street luminaires are majorly seen
to be operational at day time or when there is little to no traffic at night, leading to significant
energy wastage. Furthermore, another problem arises in this context, where night-time road
accidents contribute to substantial global casualties, with injuries from such incidents ranking as
the ninth most significant cause of disability till the year 2000 [4]. India, unfortunately, holds the
top position in road accident fatalities among 199 countries, accounting for 11% of global road
accident deaths. From 2005 to 2019, the number of deaths due to road accidents in India surged
by a staggering 59.116%, with 151,113 fatalities reported in 2019 alone [5]. A 2014 study in Tamil
Nadu revealed that visual factors were responsible for 47% of accidents, with lighting and visibility
playing a crucial role in driver and pedestrian safety [6]. This underscores the need for improved
lighting infrastructure on Indian roads, particularly highways, to reduce accidents caused by poor
visibility. In contrast of this, India's Street Lighting National Program (SLNP) has made strides by
installing 13 million energy-efficient LED streetlights across 2,70,000 km till now, contributing to
reduced power consumption [1].

For the sake of historical facts, it is known that, during the 16" and first half of 17" centuries,
metropolitan areas such as Paris and London were lighted by oil lanterns set on poles at specific
intervals. In the late 17" century, a new style of oil lamp replaced the older ones. They're called
Réverbere. Later, gas-powered street lights were introduced. It remained for a century. In the late
18" century, Arc lamps replaced gas lamps in nations such as the US and UK. This was the first
street light powered by electricity [7]. Along with the heavy usage of street lights, standards for
street lighting designs, operations and maintenance are evolved all around the world, depending
upon the road categories, weather, traffic density, human perception etc. In October 1820, the
police commissioners of the city of Edinburgh developed a well-recognized standard
(Specifications of cast iron pillars, lanterns, and lamps for burning gas) for Edinburgh’s Street
lighting. That was the first recognized standard or code for street lighting in Britain and as well as
in world [7]. Current road lighting standards, like CIE115:2010, EN13201-1:2014, EN13201—
2:2015, IESNA/ANSI RP-8:2014, BS5489-1:2013 etc., are made based upon two distinctive
purposes. The first one is to ensure that all road users, including drivers and pedestrians, can move
safely, detect hazards and avoid them safely and the latter is to enhance the street’s appearance
both on day and night. India also published a street lighting standard (IS:1944 (parts I and II)-
1970) for public lighting. It recognizes two sorts of lighting suggestions (illuminance-based): one
for drivers and one for pedestrians. The Indian code of practice for street lighting design provides
a creative approach to designing, installing, and maintaining specified lighting. But there exist
several scopes of developments in Indian as well as in other street lighting standards because they
do not include smart lighting schemes or designs and human oriented approach. Furthermore, in
these standards, quantification of illuminance-based basis is not clear and it demands to be changed
to luminance-based basis because it gives a better measure than illuminance of how well can an
object be seen [8].



Coming back to the story of lights. From 16" century, light sources have evolved from oil lanterns
and gas lamps to LEDs. There are several types of lamps, which came and go in between them,
including high-pressure sodium (HPSV), low-pressure sodium (LPSV), and high-pressure
mercury vapor (HPMV). But now a days LEDs have flooded the lighting industry and market,
because of its higher spectral power density (SPD) output, a shorter start-up time, and infinite
control options compared to HPSV and LPSV. Besides, LED lighting is more energy-efficient
compared to older lighting choices. Furthermore, invention of power LEDs revolutionize the street
lights, which have a longer lifespan, are very easier to control, consume less electricity, have a
reduced carbon footprint, and cost less to operate [9]. Primarily, with the adoption of LEDs in
street illumination, a new era of road lighting design emerges, which is called smart street lighting.
It reduces manual intervention, curbs excess electrical energy consumption by scheduling the on
time of LEDs, introduces controllability of various lighting parameters like illuminance, CCT,
beam angle etc. Secondarily, the introduction of mesopic photometry significantly altered road
lighting standards. Although nighttime road conditions should align with mesopic photometry,
where rods and cones simultaneously contribute to visual perception for drivers and pedestrians,
traditional road lighting relied solely on photopic photometry, which only considers cone
responses. Mesopic vision, however, involves a weighted combination of both photopic (cone) and
scotopic (rod) responses, for which the CIE mesopic system was developed [10]. Last but not least,
the emergence of the third photoreceptor of the human eye, which is ipRGC (intrinsic
photosensitive retinal ganglion cell), and comprehensive studies on circadian rhythm have long
demonstrated that light has significant impacts on human physiology and psychology [11].
Moreover, the integration of precise global positioning system (GPS), smart cameras, sensors,
lighting measurement tools, and ambulant eye tracking devices provides valuable data from road
illumination scenes. Recent developments mark a new age in lighting design. In the lighting
research zone, a new word was introduced: human-centric lighting, where little to no exploration
is done in street lighting domain specifically in Indian context. Human-centric lighting considers
light and illumination as components influencing visual, biological, and behavioral responses in
humans. It integrates the visual and non-visual impacts of light on humans [12].

With these views, lighting designs must consider various energy consumption reduction
techniques, where dimming of LED lights, when needed, opens a new avenue. There exist several
dimming techniques like constant voltage dimming, PWM (Pulse Width Modulation) dimming,
beam angle switching (BAS) etc. Taking all these points in mind, there arises a strong need for a
smart human centric street lighting solution. That is why, this thesis tries to investigate various
visual and non-visual effects of lighting parameters upon human object detection, to study
amalgamation of various dimming techniques with a confirmative case study, to design a smart
human centric street lighting solution through optimization using the experimental results.

1.2. Some Definitions

To understand the context of smart human centric street lighting and optimization of various
lighting parameters and human centric parameters fully, some definitions regarding these topics
must be discussed in the purview of this part. The portion of this chapter is grossly divided into
four sub-portions.



1.2.1. The first sub-portion talks about human visual system, which determines how human

1.2.2.

sight reacts in different lighting condition like day or night. Human visual system
heavily depends upon human eye and interpretation of human brain towards the output
of eye. They act together to form a simulation of the external world in-front of human
eye. By not going under the hood of physical construction of the system, vision can be
grossly classified into three sensitivity states. They are photopic vision, mesopic vision
and scotopic vision. These states are triggered by eye adaptation. Human visual systems
can withstand a huge range of luminance values from 0.000001 cd/m2 on night to
100,000 cd/m2 on a sunny sea shore. To subsist this range, human visual system
unconsciously and continuously shifts its sensitivity towards external light falling on the
eye via a special process, which is called adaptation. This process depends upon three
unique physical processes, which are change in pupil size, neural adaptation and
photochemical adaptation.

Photopic vision happens at luminance values higher than roughly 3 cd/m2, where
response of visual system is dominated by cone photoreceptors and observer get fine
resolution of details and color vision. But in contrary of the above state, scotopic vision
happens at luminance values less than 0.001 cd/m2, where eye response is dominated
by rod photoreceptors and the observer get only shades of grey and color is not
perceived. Moreover, mesopic vision states are happened at intermediate luminance
values between photopic and scotopic vision states (between 0.001 cd/m2 to 3 cd/m2).
In this state, both the cone and rod photoreceptors are active [13]. In road lighting
scenarios, the visual system works at the boundary of the photopic and mesopic states
[14]. For information, there exists 6-7 million cone and 75-150 million rod
photoreceptors distributed across the surface of the retina of human eye. If the relative
spectral sensitivity curve for both the cone and rod photoreceptors are examined, then it
can be seen that cone or photopic curve peaks at 555 nm and rod or scotopic curve peaks
at 510 nm. That means at night time our eye’s sensitivity shifts towards shorter
wavelength or bluish region. Relative spectral sensitivity curve for both the cone and
rod photoreceptors are given in Fig. 1.2.
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Fig. 1.2: Relative Spectral Sensitivity Curve for Photopic and Scotopic Vision
The second sub-portion describes various lighting parameters used in the
experimentations, described in this thesis, to optimize the LED street lights human
centrically. They are stated in a simplified manner to ease the reading process. Light
emitting diode or LED is a type of solid-state lighting and is used in street light luminaire



1.2.3.

for its controllability, reduced energy consumption and long life with better efficacy. A
luminaire refers to a complete and functional lighting system, comprising the lamp, housing,
power circuitry for operation, and control elements to direct and enclose the lamp housing.
Luminous energy is the radiant energy perceived visually, traveling as electromagnetic waves,
and is measured in lumen-seconds (Im-s). Luminous flux represents the rate of flow of luminous
energy over time, measured in lumens (Im). Luminous intensity indicates the density of luminous
flux in a specific direction per unit solid angle, expressed in candelas (cd). Luminance refers
to the luminous flux per unit of projected area per unit solid angle emanating from a
particular point in a specific direction, measured in candelas per square meter (cd/m?).
Illuminance is defined as the luminous flux incident on a small surface per unit area,
measured in lux. Luminous efficacy is the ratio of total luminous flux emitted by a light
source to the power input, measured in lumens per watt (Im/W) [15]. The correlated
color temperature (CCT) of a light source indicates the temperature of a Planckian
radiator whose perceived color most closely resembles that of the light source under the
same brightness and viewing conditions, measured in Kelvin (K). The color rendering
index (CRI) evaluates the ability of a light source to accurately reproduce the colors of
objects compared to a reference or standard light source. It reflects the illuminant's effect
on the color appearance of objects, whether through conscious or subconscious
comparison.

The third sub-portion describes three human centric parameters used in the experiments
to examine the visual and non-visual impacts of lighting parameters from an LED light
source on a stationary human observer. These three parameters are chosen depending
upon previous experimentations done by other researchers [17 — 20]. These three
parameters strongly evaluate the human perception and ability to detect an object under
various lighting conditions. They are reaction time (RT), visibility level (VL) and small
target visibility (STV). Reaction time or response time is typically the time between a
presentation of stimuli (visual or auditory) and a discrete response, which is created by
the stimuli, given using a response key [21]. That means it is the necessary time required
to identify the stimuli, to decide a particular action and to initiate the action by using
particular muscles [22]. Dr. Ing W Adrian described the STV method or VL calculation
method and the effect of before said parameters in his paper and gave the formulas for
calculation of VL. Quantified visibility parameter or VL is a complex unit less metric,
which mainly follows Ricco’s law and Weber’s law, and depends upon luminance
difference between object and background, exposure time or reaction time, age of the
observer, nature of contrast (positive or negative), glare [23]. IESNA-RP-8-00
described the very method of STV calculation easily and gave us the formulas we needed
[24]. Moreover, two other methods are also undertaken in the experiments, which are
behavioral study and electroencephalogram or EEG based study to measure the human
perception and human brain’s temporal procedures under lighting scenes. From
behavioral studies, scores are assigned for experimented lighting conditions to find the
best suited scene for proper object detection. From EEG based study relative logarithmic
spectral power vs frequency and event related potential (ERP) plots are plotted and
various features are extracted from that.



1.2.4. The last sub-portion talks about two specific dimming techniques named as pulse width
modulation (PWM) and beam angle switching (BAS) methods. PWM dimming
technique can be referred as vanguard in the field of dimming. In this method light
output of a LED can be changed by feeding the LED with a pulsed dc current with
variable duty cycle. Besides, in PWM method junction temperature of a LED does not
increase fanatically unlike other dimming method and for that reason lifetime of the
LED increases [25-31]. On other hand several studies on BAS method and the visual
and non-visual effect of lighting parameters on human reaction times clearly indicates
that the BAS enabled LED street lights provide extra illuminance on street. The BAS
method enabled LED street light has three lighting conditions. The “FULL GLOW?”,
“PRO” and “COUNTER?” states of the light beam are the three lighting conditions. The
"FULL GLOW" state means that all of the LED clusters are turned on to provide the
maximum amount of light from the specific luminaire. When the luminaire's single LED
array is turned on in the direction of traffic under “PRO” control, light output is reduced
to about one-third of its "FULL GLOW" state, lowering energy usage. The
“COUNTER” state is identical to the "PRO" state, but it directs the light beam in a
direction, where it opposes the flow of traffic [32]. Graphical representation of BAS is
given in Fig. 1.3.
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Fig. 1.3: Beam Angle Switching Method

1.3. Background of the Work

Street lighting is a dedicated lighting application that focusses on object identification and human
interactions in dynamic environments. It is essentially a public lighting system that remains
operational for extended periods. Roads are used throughout the day by various types of users
including drivers and pedestrians in diverse conditions. While the primary purpose of human is
often object detection, the specific requirements vary depending on traffic composition during
different times of the day. Object identification is the most important, complex and brain’s
temporal process intensive job for a human driver as well as for pedestrians in a road. It is a
necessary step and task for night time driving and accident avoidance [33-34]. Indian city roads,
in particular, are characterized by mixed traffic. On major roads, pedestrians and bicycles are
commonly seen, while small lanes may still accommodate motorized vehicles. A field study cum
experimentation is conducted to assess visual performance at mesopic illumination levels in a
driving context. Subjects drove a vehicle on a lighted street while performing a decision-making
task involving off-axis target detection, using two types of lighting (ceramic metal halide (CMH)
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and high-pressure sodium vapor (HPSV) lamps).The results showed that response times improved
with increased unified luminance, but the study used outdated light sources and equipment,
suggesting that modern LEDs and advanced technology could yield more accurate insights [20].
Reaction time under HPSV and MH lamps are measured and compared by He et. al. The
experiment resulted that a higher S/P ratio (a ratio between the scotopic lumens the lamp produces
and the photopic lumens) gave benefit to the drivers at a luminance level under approximately 1.0
cd/m2 [35]. Moreover, researches showed that VL plays an important role for object identification
for drivers. Recent study showed that VL > 7.0 ensured proper target detection [36]. This diverse
research and their promising results force the need to examine both the visual and non-visual
effects of various lighting parameters (like CCT) of LED, positioned at on-axis vision as well as
at off-axis vision or peripheral vision, on object detection by static human observers as there is
little to no work is done.

Furthermore, street lights in municipal area consumes a huge chunk of generated electrical energy.
That’s why, street lights are one of the primary sources of pollution, which contribute considerably
in green-house gas and nuclear dust emission affecting road ecology badly. Electrical energy
expenses, along with environmental issues, drive municipalities across the world to create systems
to measure, analyze, and minimize energy usage in order to cut expenditure and maintenance costs.

Various researches show that implementation of dimming techniques like PWM dimming and
newly innovated BAS method in smart street lighting systems can lower energy consumption
further and increase the life span of the system [37-39, 32]. These findings Kickstarts the research
to amalgamate and optimize these dimming techniques in a system for further energy reduction.

Although, some research on object identification or visibility model includes various human
factors like age or reaction time, the progress does not totally include direct effect of main and
peripheral light sources’ CCT on human brain temporal processes. That is why, the lighting
scheme design for road does not evolve totally human centrically. Besides, the effect of CCT on
human brain is also not quantified enough to convert the effect to an empirical parameter, which
can be calculated for designing a lighting scheme on demand. That is why, it is the need of hour
to re-define human centrism and smartness of LED light sources. For this reason, this thesis
focuses on electroencephalography (EEG) and galvanic skin response (GSR) measurement of
human under various lighting conditions, where the lighting parameters of LED, like CCT of main
and peripheral light sources, are varied and EEG and GSR signals are acquired using proper
reliable devices. Furthermore, an effort was made to quantify those effects to find a new parameter
for lighting design of street lights. For information, electroencephalography or EEG is a method,
where electrical activities, generally measured in microvolts, in various parts of human brain are
recorded using some precisely positioned electrode over the scalp, which can also tell about the
cognitive processing or load of the task given to the human participants [40]. In other hand,
galvanic skin response or GSR, a form of an electrodermal activity, measures sweat gland activity,
which reflects changes in skin conductance linked to the excitation of the sympathetic nervous
system. Higher levels of electrodermal activity are associated with increased arousal, often
indicative of heightened stress, fear, anxiety, or surprise [41].

All these points discussed above in this section forms the background of this research work or

thesis, which offers an in-depth investigation into how smart lighting technologies influence both
visual and non-visual aspects of human performance. By focusing on street lighting systems, it
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provides valuable guidance for creating energy-efficient, human-centered lighting solutions that
prioritize safety and visibility, while simultaneously minimizing energy consumption. The
research emphasizes the importance of factors such as correlated color temperature (CCT)), flicker,
pulse-width modulation (PWM) dimming, and BAS method. These elements, when carefully
optimized, can greatly enhance object detection, improve user satisfaction, and contribute to
energy conservation. This work represents a significant advancement in the field of human centric
smart street lighting and road safety, offering practical insights for urban planners and traffic safety
professionals. The findings have the potential to drive future innovations in lighting design, with
broad applications for improving urban infrastructure and public safety in cities worldwide.

1.4.  Organization of the Thesis

Given the street lighting scenario of India as well as world, there exist a constant search for a smart
human centric LED street lighting solution. The main focal point of this thesis is to define and
design that. Besides, this thesis also tries to find out the visual and non-visual effects of various
lighting parameters like CCT on objects recognition task by human observers to optimize the
developed street light. Furthermore, it also tries to amalgamate two specific dimming techniques
which will further reduce the energy consumption and reduce the carbon emission. Finally, this
thesis proposes using electroencephalography (EEG) to evaluate human cognitive reaction for
object identification tasks under various road lighting scenes.

Chapter 2 describes the what and why of human centric lighting in context of street lighting design.
Besides, it gives a profound understandings and definition of human centric lighting. The chapter
also talks about the advantages and disadvantages of it. Last portion talks about the experimental
approaches and implementation of it in street lights.

Chapter 3 deals with the description of some laboratory developed instruments for
experimentations. It describes, why these types of instruments are needed and how it is developed.
First, it discussed about active shutter glass, then reaction time measuring device and last but not
the least galvanic skin response measuring device.

Chapter 4 describes about the visual and non-visual effects of various lighting parameters of LED
on object detection by human observer. The first half talks about the experimentation, which
involves variation of CCT of on-axis or main source and off-axis or peripheral sources. The second
half talks about the experimentation, which involves variation of CCT of on-axis or main source
and variation of flickering frequencies of off-axis or peripheral sources. It also talks about temporal
light modulations.

Chapter 5 is a heavy-duty chapter containing a novel approach. It actually finds the effect of CCT
variations of on-axis or main source and off-axis or peripheral sources on human brain temporal
processing and cognitive loads. It introduces electroencephalography or EEG and galvanic skin
response or GSR for measurement of brain processing and mental and physical arousals.

Chapter 6 narrates the energy consumption reduction possibilities for LED street lights. It talks
about two distinctive dimming techniques named as PWM dimming and BAS method. It tries to
amalgamate these two techniques and attempts to study its effect.



Finally in Chapter 7, the thesis developed a smart CCT tunable human centric street light. It
describes the understandings taken from the previous experiments and how it is implemented in
the developed street lights. It talks about the three-point color mixing theory and its application in
this context. It also talks about the developmental process.

Last but not the least, chapter 8 summarizes the current work and outlines the future scope of

diligence.

1.5.  Originality of the Thesis

Original contributions are given below in points-

1.5.1.

1.5.2.

1.5.3.

1.54.

1.55.
1.5.6.

1.5.7.

1.5.8.

1.5.9.

1.5.10.

Defining the scope of research on smart human centric street lighting in India context
by jotting down various experiments and doing extensive literature review.

Defining a statistical coherency between on-axis and off-axis simultaneous CCT
variation of LED light sources and object recognition capability of static human
observer using reaction time measurements and behavioral study in a controlled
environment.

Defining a statistical coherency between on-axis simultaneous CCT variation and off-
axis flickering frequency variation of LED light sources and object recognition
capability of static human observer using reaction time measurements and behavioral
study in a controlled environment.

Development of three novel measuring devices in laboratory to measure various human
centric parameters.

Development of a machine learning based R-G-B measuring device.

Defining proper switching frequency for PWM dimming technique to maintain CCT
value.

Validating BAS method using a laboratory developed wireless continuous luminous
flux measuring device.

Defining the energy saving capacity of BAS method in an Indian University campus
using a precise case study.

Developing and designing EEG and GSR techniques to measure the cognitive
processing when object detection tasks is given to the human observer under certain
lighting condition.

Development of a smart CCT tunable BAS enabled human centric LED street light
luminaire.



Chapter 2: Human Centric Lighting

2.1. Introduction

I akhs and crores of people in India as well as all over the world spend a huge time every
day in road. Crucial things like transportation of goods, economy, mobility, healthcare etc.
are very much dependent on the proper roadway connectivity. Electric street lighting is

provided to the street to make sure that they can identify any obstacles or other moving objects
like pedestrians quickly during night-time. That means, the scope of street lighting has an
enormous impact on economic growth of a country beyond the cost of designing and erecting street
lights, which implies a proper street lighting and development of street lighting condition and
technology can further affect the whole system positively. Introduction of intrinsic photosensitive
retinal ganglion cell (ipRGC), a specialized photoreceptors in the human retina, by Dr. David
Berson and his colleagues at Brown University in 2002, opens a new plethora of lighting research
to increase the chance of moving or static object detection on the roads by drivers. Unlike two
major retinal photoreceptors (rods and cones), who are largely accountable for image formation,
ipRGCs detect ambient light, notably in the blue spectrum, at around 480 nm. This sensitivity
enables ipRGCs to hold a major role in non-visual processes such as circadian rhythm regulation,
pupil response, and mood management. They do this by delivering signals directly to the brain's
suprachiasmatic nucleus (SCN), where it is responsible for maintaining human being’s internal
clock, as well as other regions related with alertness and sleep control [42-43]. This ipRGCs
function as slow-reacting light sensors, meaning that the variables influencing the state of the SCN
include the intensity and spectrum of light reaching the human retina, along with the timing and
duration of exposure [44]. This means, optimization of street lighting, if possible, according to the
responses of non-image-forming visual process can benefit rapid object detection and obstacle
avoidance. This chapter describes about this correlation between light and human being explored
till date to better understand this thesis.

2.2. Definitions and Understandings

To understand the experimental works done in this thesis related to human centric lighting, some
definitions must be discussed. Light can affect human efficiency and performance in three ways.
The first way is through visual system of human being, second one is by affecting circadian rhythm
of human body and last but not the least by mood and motivation. Fig 2.1 depicts a skeleton for
understanding the elements, which impact development along each path and their interconnections
[44].
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Fig. 2.1: A skeleton outlining the three pathways through which lighting conditions can impact
human performance. The arrows in the diagram represent the direction of these effects.
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The most evident impact of lighting on humans occurs via the visual system, which serves as an
image-capturing and processing mechanism. The eye's optics focus an image of the external
environment onto the retina, where preliminary image processing happens. Different aspects of
this retinal image are conveyed to the brain's visual cortex through specialized pathways or
channels. The visual system is also spatially divided: the retina's central area, the fovea, is
responsible for capturing fine details, while the periphery acts as a detection system, guiding the
fovea’s direction within the visual field. In bright conditions, such as daylight, the entire retina is
active, whereas in low-light situations, like a dark night, the fovea becomes inactive, and only the
peripheral retina functions and the image losses its color and texture. Any object presented in front
of human eye can be categorized by five parameters and they are visual size, luminance contrast,
color difference, retinal image quality and retinal illuminance. They validate up to which extent
stimulus is detectable and identifiable. Visual size for detecting a stimulus is the solid angle,
subtended by the stimulus at human eye. It is the ration of areal extent of stimulus and the square
of the distance from the viewers’ perspective. The luminance contrast of a stimulus represents its
brightness relative to the surrounding background. Higher luminance contrast makes the stimulus
easier to detect. Luminance measures the quantity of light emitted from the stimulus, without
considering the spectral power distribution of the emitted light. However, the specific combination
of wavelengths in the light significantly influences stimulus identification. A stimulus can be
detected and identified in spite of zero luminance contrast due to the differences from the
background color. This is called color difference. Retinal image quality totally depends upon the
spatial frequency distribution of the stimulus. A sharp image produces better retinal image quality,
where the stimulus must have high spatial frequency distribution and vice-versa. The level of
illuminance on the retina or retinal illuminance influences the visual system's adaptation state,
thereby affecting its overall performance and capabilities. The net amount of light, which enters
into eye and fall upon retina, is primarily fixed by the luminance in the field of view. Visual tasks
consist of three main parts: visual, cognitive, and motor. First one involves gathering information
needed for the task through vision. Second one is the elucidation of sensory input to decide on the
necessary actions. Finally, the third one is the procedure of interacting with the stimuli to gather
information or to execute the chosen actions. The best suited and deterministic parameter to see
whether the visual system is working efficiently or not is reaction time.

Another way by which light plays its importance, is by manipulating the non-visual system of
human being. One side of this system, which have proven effects on human performance, is
circadian rhythm or biological clock. The most important evidence of this rhythm is sleep-wake
cycle of human being, which is governed by various manipulations between hormones inside
human body over a 24-hour period. Melatonin and cortisol hormones have profound effect to that.
Suprachiasmatic nucleus or SCN, which is directly linked to ipRGCs of human retina, controls
this rhythm in human body. There exists two ways to improve the task performance of a human
being by using light through this system. They are: phase shifting effect, where the phase of the
circadian cycle can be enhanced or slowed up by exposing human being to bright light at certain
times [45] and suppression of melatonin hormone at night to increase the alertness level [46].
Interestingly, it falls under the purview of this thesis to find if lighting parameters like CCT can
affect the phase shifting. Research shows that exposure to high light levels shortly after waking
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can increase cortisol levels, though the effects on cortisol for the rest of the day remain uncertain
[47]. In one study, participants exposed to 5000 lux between noon and 4 PM showed no changes
in cortisol levels but did experience increased alertness [48]. Similarly, another study found that
early afternoon exposure to daylight exceeding 2000 lux boosted alertness [49]. These findings
suggest that both physiological and psychological factors contribute to levels of alertness. There
exist many aspects of this system, which needs further study. A small try to add some exploration
to this vast knowledge pool is done by this thesis.

The last route by which light can alter the work performance of a human being is through altering
mood and motivation of that particular human being. The visual system creates a visual sensation
about the world in the field of view of human observer and that visual sensation about the world
can trigger emotional responses and can alter the mood and motivation for doing a specific task.
Lighting can impact mood and motivation by creating visual discomfort, especially when it hinders
visual performance or causes distractions, like glare or flicker. However, lighting also conveys
messages about its designers, users, and environment. People interpret these messages based on
context, culture, and expectations, sometimes finding meaning in the design that can outweigh any
physical discomfort it may cause [44]. Another experimentation is also done in this thesis to
identify the non-visual effect of flickering of peripheral sources on stimulus identification task.
All these recent developments push the whole idea of lighting design into a new era. A new term
surfaced in research zone that — the human centric lighting (HCL) concept. HCL revolves around
a holistic approach to light and illumination, considering them as factors influencing visual,
biological, and behavioral responses in humans. It integrates both the visual and non-visual effects
of light on individuals. It is a way of illumination, which promotes and revolves around human
mood, well-being, and health. It can also be called as human factors in illumination. Light is the
primary stimulus for human biological clock. As discussed before in this chapter, HCL
incorporates several aspects or factors in it. Some of them are circadian rhythm, mood, visual
acuity, perception, energy saving and sustainability, productivity, and performance. The guess is
that some new aspects will also join the mentioned list in near future. Although HCL or dynamic
lighting or circadian lighting are marketing term. Variation in spectrum or illuminance or both over
a 24-hour day are the common feature of these luminaires. It can be predicted easily that HCL with
daylighting and smart LED systems will become the future aspects of lighting technology in
upcoming years [11-12].

2.3. Advantages and Disadvantages of HCL

HCL combines the visual and non-visual responses of human being to improve human well-being,
and its performance. It can be divided into three aspects:

1. Visual benefits: good visibility, visual comfort, and safety.
2. Biological benefits: alertness, concentration, deep and stable sleep wake cycle, cognitive
Performance.
3. Emotional benefits: improved mood, relaxation, and impulse control [50]
In contrary of these advantages, the main disadvantage, which it can face, is incorporation of vast
human perception towards a specific lighting scene. It may lead to ambiguous street lighting
design. This means that a specific lighting scene may be best for a particular driver for its object
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identification task but the same lighting scene may create hindrance towards another driver,
because perception about the lighting plays a major role in this context.

2.4. Experimental Approaches for Human Centric Lighting

For proper identification of the correlation of the above-mentioned pathways and to explore the
visual and non-visual effect of a specific lighting scene on stimulus identification some
experimentations are done in this thesis. These experiments follow some specific set of approaches
to quantify the acceptability of a specific lighting condition based upon visual and non-visual
effects. Over the past 50 years, numerous studies have investigated human work performance
under various lighting conditions. These approaches are generally evaluated using two key quality
parameters: face validity and generality. Table 2.1 illustrates how these studies can be interpreted
from the perspectives of face validity and generality.

Table 2.1: The evaluation criterion for human factors in lighting

Type of approaches Face Validity | Generality
Real Task Studies High Very Low

Laboratory Simulation based studies Moderate Low
Scientific technique for development of models Low Very High

Evaluating a lighting installation from the perspective of human acceptance is crucial. This
assessment can be approached in three ways: (i) subjective judgment through measurements of
human centric parameters (RT, VL, STV) with statistical data analysis, (ii) behavioral studies
coupled with statistical analysis using questionnaire, and (iii) an innovative approach combining
physiological studies like electroencephalography (EEG) and galvanic skin response (GSR) with
behavioral studies.

Subjective judgment, commonly used in prior research, involves collecting feedback on lighting
installations and analyzing the data statistically [51]. However, this method often faces issues like
bias in subjective responses and the generality of questionnaire designs, which can limit accuracy.
Behavioral studies address this by having subjects perform tasks, such as object detection, to gauge
response under specific lighting, though biases and experimental design challenges still persist
[18-19, 51-53].

On the other hand, the new method integrates physiological studies like EEG and GSR with
behavioral studies to assess lighting effectiveness based on neural responses and electro dermal
activity (EDA) to real-world stimuli. While EEG captures detailed neural data, potential
interference from unrelated stimuli suggests that combining EEG with behavioral data may yield
the most reliable and unbiased results. In this thesis laboratory-based studies are chosen to explore
the visual and non-visual effects of LED street lighting.

14



Chapter 3: Developed Instruments for Lighting
Experiments

3.1 Background

lighting as light has influences on human visual, biological, and behavioral responses.

This concept is expansive, acknowledging the wide variety of effects of light on human
being, both visual and non-visual. Some reactions occur instantly, like pupil dilation or glare
perception, while others, such as mood changes, may develop over hours. Additionally, certain
negative health effects may take years to become apparent. Additionally, responses to light can
span physiological, perceptual, psychological, and behavioral domains. Optimally, HCL is
designed to evoke a targeted set of visual, biological, and behavioral outcomes that are considered
beneficial for the intended users. In essence, this has always been the hallmark of effective
lighting. However, as understanding deepens regarding light’s influence on non-image-forming
responses, the illumination researchers and industry are encountering a broader spectrum of
considerations, explorations, experimentations and responsibilities. Fundamentally, HCL
represents a vision for lighting solutions that promote positive human responses [12]. In the future,
lighting will need to shift from fixed or standardized designs to adaptable systems that can align
with diverse lifestyles and accommodate the circadian rhythms of various age groups, keeping the
findings of experimentations done in the field of human centric lighting in mind. Lighting tailored
to individual needs is anticipated to become prevalent over the next century, fostering a more
productive, safe, and healthy living environment. Advancements in information technology,
particularly through the Internet of Things (IoT) and advancement in embedded systems, hold
promise for automated lighting control that benefits not only human lives but also the broader
ecosystem [54]. This whole scenario of visual and non-visual effect of lighting on human being
indicates that there exists a huge possibility of new explorations and experimentations in this
domain. Implementation of these findings in lighting designs including indoor and outdoor is the
second most priority in the list after the quest for new knowledge. Being the main agenda of this
thesis, based upon these findings, street lighting, should be optimized and controlled.

I I uman-centric lighting embodies a comprehensive approach to understanding light and

To explore the visual and non-visual effect of LED, researchers from all over the world are
extensively doing experiments on human participants. It has already been found that light has
direct biological effects on people, influencing pupil size, immediately suppressing melatonin,
and impacting levels of alertness, body temperature, and heart rate. It also holds a role in
regulating the timing of circadian rhythms [55-63]. It is universally a truth that this type of
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specialized experiments needs specialized equipment to measure any valuable data. Along with
the classical devices like luxmeter, luminance meter or colorimeter, maximum experiments
demand some new devices which can measure a parameter of researchers’ need or interests. After
careful review, considerations and reciprocations, some characteristics of these devices can be set
and they are —

A. The device should be portable and easy to handle, allowing it to be used in various
locations of interest for lighting experiments.

B. The device should be robust and durable to ensure it lasts throughout the entire

experimentation period.

The cost of the device should be low.

The device can be quickly and easily remade if the previous one malfunctions.

If the device is wearable, it should not interfere with tasks assigned to human

participants. This means it must be lightweight, fit properly, and avoid causing any

psychological discomfort.

F. Lastly, the device must be energy-efficient, ideally powered by a battery or a 5-9 volts
DC adapter.

moa

As discussed in this chapter and Chapter 2, first the visual and non-visual effects of various
lighting parameters of a LED on human being are needed to explored. This thesis focuses on the
effects created by outdoor lighting, specially by street lighting on human drivers and pedestrians.
Specialized experiments are conducted in the Laboratory of [llumination Engineering, part of the
Electrical Engineering Department at Jadavpur University in Kolkata, India, to evaluate these
effects. Because of the before-mentioned specialized experiment’s nature, some unique devices
are developed in this same laboratory to measure various physiological or human centric
parameters as well as lighting parameters.

3.2 Developed Instruments

To perform some specialized experimentations, which are described later in this thesis, some
devices have been developed in the laboratory. These devices can be broadly divided into two
sections. One is human centric parameter measuring devices, which are described in the first three
sub-headings and the other one is lighting parameter measuring devices, which are described in
the last two sub-headings. They are as follows.

3.2.1 Special Active Shutter Glass — This is a modified active 3D shutter glass, available in the
market. It uses a technique that displays stereoscopic 3D images by rapidly alternating
between the left-eye image and the right-eye image, blocking opposite eye during each
presentation. This swift alternation prevents interruptions, allowing the images to fuse into
a cohesive 3D perception. The lenses of this type of glasses are made of LCD (liquid crystal
display), where by applying a small voltage, the lenses can be made opaque. This blocking
action of the glass lenses is used for the special device. Here, the internal control circuitry
of a standard active 3D shutter glass is removed and substituted with a custom laboratory-
built control circuit. This setup allows the lenses to turn transparent for 0.7 seconds when

16



SVIDC

Battery

a push button is pressed, after which they return to their default dark state. This low-cost
handy device is very light weight and properly fits on human eye. It is operated by a 9 Volts
battery. The hardware of the control circuit consists of a 555 timer and a MC14069 hex
inverter. Detailed pictorial depictions of the control circuit and the device are given in Fig.
3.1 (a) & (b). The primary purpose of this special active shutter glass is to regulate the
exposure time for human participants, who participated in an object detection task under
certain lighting condition. Studies indicate that a minimum exposure duration of 13-100
milliseconds is required for the average person to recognize objects [64]. The active shutter
glass, however, provides a 700-millisecond exposure, which exceeds this threshold,
allowing ample time for object recognition and identification. Furthermore, this device is
integrated with a microcontroller-based Arduino controlled reaction time measuring
device, and activation is achieved through a manually operated push button. This
mechanism transitions the lenses from an opaque to a transparent state and back to opaque
after 700 milliseconds, allowing clear visibility of grid points positioned at approximately
a 2° eccentricity angle for the duration of exposure.
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Fig. 3.1(a)&(b): Control Circuit and Actual Photo of a Special Active Shutter Glass

3.2.2 Reaction Time Measuring Device — It is a compact, microcontroller-based timing device,

controlled by an Arduino UnoR3. It is developed to measure the reaction time (RT) of
human participants during experimentation. The recorded reaction time is displayed on an
attached 16x2 LCD screen on the back side of the plastic box, to avoid direct glare from
display towards the subjects’ eye. All components, including the Arduino circuit, LCD
display, and wiring, are enclosed in a portable plastic casing. This device operates on a 9V
battery and can record time stamps in milliseconds. The timer starts upon activation by a
researcher, while the participant independently stops it. All actions are controlled via push
buttons. The microcontroller is programmed in such a way that, when the researcher presses
the button, a highly precise millisecond-level stopwatch is activated. Simultaneously, the
shutter glass becomes transparent for 700 milliseconds, allowing the observer to view the
scene ahead. After this period, the glass returns to an opaque state. During the transparent
phase, the observer can attempt to recognize objects placed in the field of view. Once
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observer identifies an object and presses their button, the stopwatch stops, and the recorded
reaction time is displayed on the attached LCD screen. Proper pictorial representation is
given in Fig. 3.2 (a). Previously, special active shutter glass and reaction time measuring
device worked like two separated devices, where they are used in conjugation and named
as reaction time measuring compact device (RTMCD), but later another device was
developed where these devices are merged, where the circuit for active shutter glass is
eliminated and control of the glass is handed over to the Arduino Uno microcontroller, to
form a better rugged device and named as reaction time measuring device v2.0 (RTMD
v2.0). A pictorial representation is given in Fig. 3.2 (b). Used Arduino IDE codes for these
devices are given in Annexture 1.

OLED Display

Fig. 3.2 (a)&(b): RTMCD and RTMD v2.0

3.2.3 Galvanic Skin Response Measurement Device — It is an Arduino Uno-based device, which
was developed in the laboratory to measure electrodermal activity (EDA), also known as
galvanic skin response (GSR), during object recognition tasks involving static participants.
The device utilizes a Seed Studio Grove GSR sensor, which operates at 3.3 or 5 volts and
offers adjustable sensitivity. Previous research suggests that low-cost GSR sensors like this
can provide sufficient accuracy for such experiments, acting as a less expensive
replacement for high-priced commercial devices [65]. During the experiment, participants
wear two nickel electrodes embedded in finger bands, placed on adjacent fingers, to capture
GSR signals throughout the task. These electrodes are connected to the sensor, which
measures the electrical resistance between them and converts it into an analog signal. The
recorded data is saved onto a microSD card as a “.txt’ file for later analysis. Additionally, a
Smm blue LED is embedded in the device to indicate successful and error-free data
recording on the microSD card. All the circuitry of this device is embedded in a single hard
plastic box to make it robust. This device is powered by a 9 volts DC adapter. Pictures are
given in Fig. 3.3 (a) & (b).
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Fig. 3.3 (a)&(b): Actual Photo and Control Circuit of GSR Measuring Device

3.2.4 R-G-B Meter — This low-cost measuring device is designed to capture CIE 1931-compliant
RGB values for various CCT settings selected by the user through an application. It is built
using a compact cardboard box, with a TCS3200 color sensor from TAOS and a 128x32
OLED display mounted on its top surface. The device operates with an ESP32-WROOM-
DA microcontroller module, which receives RGB readings from the color sensor and
displays them on the OLED screen. The microcontroller is powered by a 5V 2A DC adapter.
To minimize fluctuations in the RGB measurements, the microcontroller calculates the
average of 100 consecutive readings and presents the averaged result on the display. To
ensure optimal sensor performance, both the internal and external surfaces of the device
are painted with a deep black color to eliminate the influence of stray or reflected light.
Additionally, a small hollow cylinder of 1 inch made of black paper is positioned over the
sensor to ensure it only receives direct light from the CCT-adjustable light source. It can be
implemented with the street lights to produce feedback about the CCT values produced by
the lights with respect to the input CCT values given by the users. Pictorial representation
is given in Fig. 3.4.
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Fig. 3.4: R-G-B Meter
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3.2.5 Lumen Maintenance Testing Device - The developed prototype system consists of two
main parts: the Measuring Sphere (MS) and the User Interface and Storage Device (UISD).
These two parts communicate wirelessly through a low-power wide-area network
(LPWAN) using a LoRa 02 module. Each component has its own microcontroller, both
implemented using Arduino Uno Rev3 boards. The MS, made of steel, incorporates two
sensors: a BH1750 FVI illuminance sensor, positioned at the bottom of the sphere, and a
DHT11 temperature and humidity sensor, which is attached to the base of the LED bulb
during testing. The control circuit of the MS, containing the microcontroller and the LoRa
02 module, is mounted on the outer wall of the sphere. All sensors and circuitry are secured
using heat-resistant tape and housed within a transparent protective box. The test LED light
is placed in the center of the sphere, held by a thin steel rod attached to the upper dome's
interior. To scatter light through multiple reflections, the inner surface of the sphere is
coated with a mixture of barium sulfate and magnesium oxide, exhibiting an 82%
reflectance. This diffusion eliminates spatial information, ensuring uniform light
distribution, which allows accurate measurement of total luminous irradiance or power
emitted by the LED. The outer surface of the sphere is painted plain white. For temperature
regulation and power supply, the MS device features three air circulation holes, which can
be sealed once connections are completed to maintain proper isolation. Users can control
the LED operation, either setting it to turn on and off at specific intervals or keeping it
continuously on. Both AC and DC power sources can be used. A detailed photo and
schematic block diagram of the MS device is provided in Fig. 3.5 (a) & (b). The UISD’s
control circuit also uses an Arduino Uno Rev3 microcontroller and includes a low-budget,
precise real-time clock module (DS3231) for timestamping data. Additionally, it features a
microSD adapter with a microSD card for data storage and a LoRa 02 module for
communication with the MS device. A detailed photo and schematic block diagram of the
UISD device is provided in Fig. 3.6 (a) & (b).

LoRa 02

Temperature
12V Relay Arduino UNO and Humidity
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Fig. 3.5 (a)&(b): Actual Photo and Block Diagram of Measuring Sphere
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Fig. 3.6 (a)&(b): Actual Photo and Block Diagram of User Interface and Storage Device
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Chapter 4: Effect of Lighting Parameter and Temporal Light
Modulation on Object Detection by Human
Observers

4.1 Introduction

individuals and tens of millions of injuries each year, particularly during night-time when

visibility is compromised. Astonishingly, road traffic injuries rank as the ninth leading
source of disability globally as of 2000, according to World Health Organization data [4]. In
India, which leads the list of 199 countries in terms of road accident fatalities, road accidents
account for 11% of all crash-related deaths worldwide. Between 2005 and 2019, the number of
road traffic fatalities in India increased dramatically by 59.1%, reaching 151,113 deaths in 2019
[5]. This alarming rise underscores the urgent need for enhanced road safety measures, especially
in terms of lighting infrastructure on Indian roadways. Research consistently highlights that
night-time driving poses unique risks due to limited visibility, as visual factors play a significant
role in accident occurrence, previously discussed in chapter 2. A case study conducted in Tamil
Nadu in 2014 found that visual factors were responsible for 47% of road accidents, with lighting
and visibility playing the most critical roles [66]. Properly designed road lighting, therefore, is
vital in ensuring driver and pedestrian safety by providing clear, comfortable, and accurate
visibility during night hours. Such design not only decreases accident rates due to improved
visibility but also provides benefits to economic, social, and safety development. These include
improved law enforcement capabilities, traffic flow management, increased safety for users, and
extended commercial activity by making public spaces more accessible at night [24].

R oad traffic accidents are a global health crisis, responsible for the deaths of over a million

In the context of lighting design and standards for street lighting, a range of country-specific
guidelines exist globally. In India, standards such as 1S-1944 part | and 11, 1S-1944 part — 111, 1V,
V, VI and VII and 1S-9583.1981 set the parameters for road lighting design [67]. Internationally,
standards like CIE 140-2000 and IESNA-RP-8-00 offer rigorous benchmarks for optimal road
lighting design, emphasizing metrics that correlate directly with driver visibility. Historically,
older standards prioritized illuminance levels at road pavements as the primary design criterion.
However, recent studies show that luminance values from road surfaces correlate more
effectively with drivers' visibility and object recognition capabilities, leading most modern
standards to adopt luminance-based criteria for lighting design [24, 68-69]. One key metric,
introduced for evaluating night-time visibility on roads, is Small Target Visibility (STV),
developed by Dr. Ing W. Adrian. STV quantifies the difference between an object luminance and
its background luminance, providing a robust measure of visibility for drivers. Since its
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introduction, STV has been adopted by numerous road lighting standards as a critical design
parameter [23-24]. Additionally, research indicates that both chromatic and achromatic stimuli
can influence luminance sensitivity, which can be evaluated through reaction time [21, 70].

In parallel, effective identification of oncoming or roadside objects is a crucial visual task for
drivers, influencing their decision-making processes and potentially preventing fatal collisions.
Any failure in object identification or decision-making accuracy can lead to catastrophic
accidents. Studies indicate that low- and middle-income countries includes over 90% of road
accidents, where accident-related deaths are anticipated to become the third-largest contributor
to the global disease burden by 2020 [71]. It has been estimated that proper street lighting could
reduce nighttime fatalities by 65% and injuries by 30% [72]. In an experimental study, it is seen
that these night fatalities were reduced through adequate street lighting, highlighting the crucial
role that effective lighting plays in mitigating road safety risks [73]. Rockwell’s research showed
that enhanced street lighting results in early object detection, controlled speed, and more
responsive braking [74], while a multi-year study on Philadelphia roadways demonstrated a
significant drop in night-time accidents following street lighting modernization [75]. With the
adoption of improved street lighting standards, nighttime crashes could decrease by up to 36%
[76]. A recent review consolidates these findings, reinforcing the link between traffic injuries
and lighting, and further confirming that quality lighting systems can substantially reduce
accident rates, as already discussed in the first phase of this section [77]. Furthermore, beyond
visibility, other factors like bad weather, poor road conditions, and substandard lighting design
exacerbate road risks. One of the major factors is temporal light modulations (TLM) [78]. It
corresponds to any quantifiable fluctuations or variations in light intensity or spectral distribution
that occur over time. These modulations may occur at various frequencies. In other hand TLM
can cause various visual and non-visual discomfort to the human observers including starting
form visibility to serious health hazards like epilepsy. Temporal light artefacts (TLA) are the
effects of TLM on human being. Temporal Light Artefacts (TLA) such as glare or flicker or
phantom array effect are particularly detrimental, leading to visual discomfort, reduced
performance in visual tasks, and potential health concerns for drivers with conditions like
photosensitive epilepsy [79-83]. TLAs such as flicker, which occurs within a frequency range of
a few Hz to 80 Hz, can be a significant source of irritation [84]. These artefacts arise from
fluctuations in voltage or product characteristics and are commonly found in road and vehicle
lighting systems, particularly when peripheral flickering sources are present, impacting the
driver’s line of sight. CIE describes TLA as an undesirable change in visual perception for an
observer in certain surroundings, which a light stimulus whose brightness or spectral distribution
swings over time might cause [85]. In road lighting scenarios, flickering lights, often from street
lights or car headlights, tend to be located in the driver’s peripheral field. Studies show that flicker
in the peripheral view increases reaction times and affects object recognition. It was also
observed that when bright and dark bands appear periodically in the driver’s peripheral vision
for 20 seconds at frequencies ranging from 4 Hz to 11 Hz, a flicker effect can occur [86]. De
Lang further demonstrated that the perception of flicker depends on the shape of the light
fluctuation waveform [87]. There is very limited documentation on the effects of this type of
hazard (peripheral flicker) on drivers, and standards or guidelines addressing limits on peripheral
flickering are also largely absent.
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To mitigate these knowledge gaps in Indian context two experiments are done in a controlled
environment at the Illumination section laboratory of Electrical engineering department of
Jadavpur University. The first experiment explores the effects of varying correlated color
temperatures (CCTs) on human participants’ reaction times and visibility levels for object
recognition tasks. The experiment utilized a CCT-tunable LED as the primary light source, with
two peripheral LEDs also capable of CCT adjustment. Reaction times were measured under
different CCT combinations of the primary and peripheral sources to investigate the effects of
CCT on visibility and object recognition. Findings suggest that CCT is indeed an influential
parameter, affecting visibility level (VL) and significantly impacting reaction time, thus
underscoring its relevance in visibility calculations and nighttime lighting design.

In the other study, an experimental setup, incorporating a main LED light source with variable
CCT and two peripheral flickering LED sources, measured reaction times of the human
participants across 12 combinations of CCT levels and flickering frequencies. Results indicate
that higher CCT levels decrease reaction time, while flickering sources cause reaction time to
increase, especially when flickering frequency intensifies. This study underscores the
relationship between CCT and driver response under flickering conditions, finding that both
flicker frequency and CCT affect reaction time. This study reveals that, at times, the presence of
a target or obstacles in the observers' line of sight may vary with changes in the main source's
color appearance, particularly when flicker is present as an irritating glare. Under such lighting
conditions, vision can be significantly impacted, resulting in longer reaction times for observers.
These findings show the necessity of taking both luminance and chromaticity in road lighting
design, especially in scenarios where flickering sources may be present. As CCT increases,
reaction time decreases; however, flickering sources consistently lengthen reaction times,
suggesting that reducing flicker and optimizing CCT could improve driver safety.

This paper focuses on two main parameters: reaction time and CCT. Reaction time, or response
time, is defined as the interval between the presentation of a stimulus (visual or auditory) and a
clear response triggered by that stimulus, measured through a reaction key [21]. This reflects the
time required to recognize the stimulus, decide on an action, and initiate that action using specific
muscle groups [22]. Reaction time (RT) relates to a person’s ability for rapid decision-making
[88]. Correlated color temperature (CCT) is defined as "the temperature of a Planckian radiator
whose perceived color most closely matches that of a given stimulus at the same brightness and
under specified viewing conditions” [89]. The chromaticity coordinate of the closest black-body
radiation for a particular light source is determined by the CIE 1960 (u, v) diagram. Chromaticity,
independently of luminance, empirically defines a color’s quality, composed of colorfulness and
hue—often referred to as saturation, chroma, intensity, or excitation purity [90]. The chromaticity
of Planckian radiators at various temperatures is depicted along the Planckian locus, a continuous
curve representing the chromaticity-temperature relationship of these radiators. Therefore, a
Planckian radiator’s chromaticity directly correlates with its temperature, allowing either to be
determined if the other is known [91]. This phenomenon prompted researchers to investigate the
impact of chromaticity and flicker on drivers, selecting CCT as a closer representation of
chromaticity, with unit of Kelvin (K). Mc-Cammy demonstrated that CCT (T) can be expressed
as a function of chromaticity coordinates.

=-437n% + 3601n? - 6861n + 5524.31
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(x—0.3320)

Where, n =
(y—0.1858)

and (x, y) is the chromaticity co-ordinate of the light sources [92].

Ultimately, these findings advocate for the inclusion of CCT and flicker mitigation in road
lighting standards, calling for a re-evaluation of current guidelines to prioritize driver-centric
lighting solutions. By optimizing lighting conditions, road safety can be significantly enhanced,
reducing the risk of nighttime accidents and fostering safer driving environments worldwide.

4.2 Human Vision and Street Lighting

As earlier described in the chapter 2, lighting impacts humans primarily through the visual system,
an image-capturing and processing mechanism. The eye projects images onto the retina, where
the initial image processing occurs mainly via two photo receptors namely rods and cones, with
different aspects of the image sent to the brain's visual cortex through specialized channels. The
retina's central area, the fovea, handles fine detail detection, while the peripheral retina aids in
detecting movement and adjusting focus. In bright light, the entire retina functions, but in low
light, only the peripheral vision remains active, with color and detail fading. Factors like visual
size, luminance contrast, color difference, retinal image quality, and retinal illuminance influence
the detectability and identification of objects. These parameters are crucial for visual performance,
with reaction time serving as a key measure of efficiency [13]. The major type of lighting, which
affects human vision under mesopic condition, is street lighting. During night-time, a human
driver’s vision falls under mesopic region. Mesopic vision states occur at intermediate luminance
values between photopic and scotopic vision levels (between 0.001 and 3 cd/m2). In this stage,
both the rod and cone photoreceptors of human eye are activated [44]. Ensuring the driver's visual
satisfaction and comfort is essential on the road, particularly for nighttime driving when object
detection becomes a primary concern. Road lighting installations play a critical role in supporting
the driver’s vision and ability to detect objects. The light distribution and spectrum from these
installations significantly impact the driver’s performance, safety, and comfort during night
driving [32]. Numerous studies have examined how effective the light sources are at making
mostly achromatic objects on the road visible. However, no clear conclusions have been reached,
indicating that any effects on on-axis object detection are likely minimal [93-95]. However, recent
studies on the influence of light spectrum on the detection of off-axis objects indicate that the light
spectrum plays a crucial role in the effectiveness of road lighting. In particular, He et al. conducted
a laboratory experiment comparing HPS and MH light sources. Their findings revealed a
significant increase in reaction time as photopic luminance decreases from photopic to mesopic
conditions, impacting both on-axis and off-axis target identification [35]. These effects drive this
thesis to find the effect of varying correlated color temperatures (CCTs) on human participants’
reaction times and visibility levels for object recognition tasks.

4.3 Temporal Light Modulation (TLM)

As described by Commission Internationale de 1’Eclairage, ‘Temporal light modulation (TLM) is
a fluctuation in the luminous quantity or spectral distribution of the output of a lighting system
over time’ [96]. Device and system designs, including drivers and control gear, as well as electrical
supply variations, lead to changes in lighting modulation (TLM). In the past, lighting products of
the same type had similar TLM characteristics; for example, AC-powered incandescent lamps
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displayed a sinusoidal wave pattern for its TLM with a frequency that was twice that of the main
power supply, while fluorescent lights with electronic ballasts operated at 20—40 kHz with minimal
modulation. Back then, knowing the lighting technology was enough to infer TLM properties, but
with LEDs, direct measurement is now required due to their rapid current response and varied
designs [82, 97]. Many LED systems also use PWM for intensity controlling, resulting in 100%
modulation at frequencies over 300 Hz. TLM can negatively impact visual, behavioral, and health
aspects, causing flicker, stroboscopic, and phantom array effects, collectively called temporal light
artefacts (TLA) [97]. The definition of flicker is ‘perception of visual unsteadiness induced by a
light stimulus the luminance or spectral distribution of which fluctuates with time, for a static
observer in a static environment’ [98]. This phenomenon is observed in light sources exhibiting
temporal light modulation (TLM) at frequencies below 60-80 Hz. The Talbot-Plateau law posits
that the human visual system perceives flickering signals as continuous when they exceed a
specific frequency, termed the critical fusion frequency (CFF). Under photopic eye adaption
conditions, the CFF typically ranges around 60 Hz for most individuals [99]. Although, temporary
visual effects of TLM at rates up to 200 Hz is also reported [100-101]. Furthermore, the
stroboscopic effect is defined as ‘change in motion perception induced by a light stimulus the
luminance or spectral distribution of which fluctuates with time, for a static observer in a non-
static environment’ [102]. With stroboscopic effects, TLM can be hazardous by causing false
motion perceptions, especially around moving machinery with fluctuating frequencies between 80
Hz to 2 kHz [99]. On the other hand, phantom array effect is defined as a ‘change in perceived
shape or spatial positions of objects, induced by a light stimulus the luminance or spectral
distribution of which fluctuates with time, for a non-static observer in a static environment’ [102].
The source exhibits this kind of effect, which causes excessive visual stress [103], at a frequency
range starting from 3 kHz to ending at 11 kHz. Periodic TLM is a consequence of the electronic
design of the light source or its control system. It depends upon four parameters. First is the
frequency for which the cycles of TLM are repeating, second is the depth in light output variation
or modulation depth, third one is the waveform’s shape due to the electronics associated with the
source or control systems and the last one is the duty cycle, where the duty cycle represents the
fraction of a cycle where the light output is not zero. It is commonly expressed as a ratio or
percentage of the total cycle time, particularly for rectangular waveforms [102]. With the
development of LEDs, effects of TLA on human observers, be it static or moving, have become
the major concerns of the researchers, because a wide range of TLM can be exhibited by LED
systems depending upon the design of its drivers and control circuit and specially on dimmable
drivers’ design due its pulse width modulation (PWM) characteristics [104]. The late 1990s
witnessed a surge in research interest concerning the effects of light source TLM, coinciding with
the widespread adoption of high-frequency fluorescent lighting equipped with electronic ballasts
operating at 40 kHz. These electronic ballasts replaced the traditional magnetic ballasts, which
operated at lower frequencies (120 Hz in North America, 100 Hz elsewhere). Studies revealed that
this transition, primarily motivated by energy efficiency goals, led to significant improvements in
visual performance, more stable saccadic eye movements, and enhanced performance in clerical
tasks [80-81, 105-106]. For these reasons, this thesis experimented on an experimental set-up to
find the visual and non-visual effects of peripheral flickering sources, one of the major TLAS
experienced in Indian roads, on static human observers’ object detection task under varying CCT
of main or on-axis source.
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4.4 Effects of Variations of CCT of LED Light Sources on Reaction Time and
Visibility Level for On-axis Object Recognition

To investigate driver responses across different CCTs (Correlated Color Temperatures), this study
examines how reaction time (RT) and visibility level (VL) change with variations in CCT. Utilizing
an LED as the primary source and two identical LEDs as peripheral sources, the study was
conducted in a controlled laboratory environment. The study also evaluates the impact of these
peripheral sources on RT and VL. Findings indicate a decrease in average reaction time as the
ambient lighting level increases due to the contribution of peripheral sources. Notably, the study
reveals significant correlations between reaction time and CCT, and between visibility level and
CCT, which will be further discussed in later parts of this chapter.

4.4.1 Experimental Setup Development

Though the study examines the characteristics of roadway lighting, the experiment itself was
conducted indoors at the Illumination Engineering Laboratory in the Electrical Engineering
Department of Jadavpur University to explore any strong correlation between CCT and VL.
The lab is painted in dark black to minimize light reflection and prevent stray light, ensuring
an uninterrupted, reliable result that can serve as a reference for future real-road experiments.
The setup includes three main components: light sources, objects, and reaction time measuring
instruments. Building the total experimental setup, including these components is also
described in this section.

44.1.1 Light Sources

The experiment uses three smart LED lights from Halonix, each rated at 12 watts, 220-240V
AC input, 50Hz, with a B22 base and a luminous flux of 820 lumens. These RGBW LEDs
offer dimmable intensity (0-100%), CCT control (2500K—6500K), color-changing capability,
and can be controlled via a 2.4 GHz Wi-Fi based Android app. They operate in temperatures
from -10°C to +50°C. One LED serves as the main light source (S), mounted at a height of 2m,
while the other two act as peripheral sources (P), mounted at 1.5m, all on miniature street light
poles. Pictorial representation of light source is given in Fig. 4.1.
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HALeNIX

Fig. 4.1: LED bulb used as Main and Peripheral Sources

Pictorial representations of mounted main and peripheral sources are given in Fig. 4.2 (a) and

(b).

Fig. 4.2 (a) & (b): Main source (S) and Peripheral source (P) are mounted on 2m and 1.5m
street light pole respectively.
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The spectral compositions or SPD of the main light source (S) at four different CCT levels,
3000K, 4000K, 5000K, and 6000K, were measured using a Konica Minolta CL-70F
colorimeter and are shown in Fig-4.3 (a), (b), (c), and (d), respectively.

TEELTRINA 00 0 3 SENTUNN T B

ey he e —ita et R

Fig. 4.3 (a) & (b): SPDs of Main Source at 3000 K & 4000 K
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Fig. 4.3 (c) & (d): SPDs of Main Source at 5000 K & 6000 K
4.4.1.2  Stimuli or Colored Objects

To measure Reaction Time (RT) for object recognition and behavioral responses of the human
participants, twelve standard objects of specific shapes and colors were created. The objects,
made from cardboard, are in three shapes: cuboid, cylindrical, and prismatic. Each object is
covered in one of four standard colors: yellow, green, violet, or black. They are constructed
with specific dimensions, and their individual reflectance has been measured to meet standard
value, which is in between 20% to 50% [107]. Detailed specifications of the objects are
provided in Table 4.1, and a sample photo is shown in Fig. 4.4 below.
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Fig. 4.4: Used Sample Target object

Table 4.1 : Details of the objects used for experimentation

SI No.

Object Shape Object Colour Object Reflectance (%) Object Dimension Picture of Object
Yellow 19.2 length (cm) 8
Cuboid Sreen 1;6 Width (cm) 8
Bla 15.6 Height (cm) 8
Yellow bl Diameter (cm) 8
o Green 24
Cylindrical

186 Height (cm) 9

Bla 19.5 g
Yellow 13.9 length of the Base (cm) 10
Prismatic Green 11352 Width of the Base (cm) 10
14.8 Height cm) 8

4.4.1.3 Reaction Time Measuring Compact Device

A microcontroller-based timer device was developed to measure Reaction Time (RT) in human
subjects. This device includes a 16x2 LCD display for showing recorded times, and all other
components, including the active shutter glass circuit, Arduino, display, and wiring, are housed
in a portable box. Powered by a 9V battery, the device can timestamp in milliseconds. A
researcher initiates the start time, while the subject stops it, all using push buttons. Further
details of the device’s operation are covered in the experimental procedures. Active shutter
glass is a specialized spectacle, often used in 3D cinemas and VR glasses, includes LCD lenses
that remain opaque under normal conditions, blocking visual input. A modified electronic
circuit within the frame allows a 9V battery-powered push button to switch the lenses from
opaque to transparent. Designed to control human exposure time, the spectacle’s active shutter
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provides 700 milliseconds of visibility, ample time for object recognition (normally 100
milliseconds for an average human being). Linked to an Arduino microcontroller, the push
button activates the lens to turn transparent for 700 milliseconds before automatically returning
to opaque, allowing observers to view grid points at a 2° solid angle. These two devices are
used in conjugation to form the reaction time measuring compact device (RTMCD). Pictorial
representations of these two devices are given in Fig. 4.5 (a) and (b).

Fig. 4.5 (a): Reaction Time Measuring Compact Device (RTMCD) with Top and Back Side
View

Fig. 4.5 (b): Special active shutter glass
4.4.1.4  Other Experimental Setups

In addition to the three main components, the experimental setup is carefully arranged. Three
steel miniature street light poles are used to mount the smart LED lights, where the main source
is positioned 2m above the floor, while the two peripheral sources are set 1.5m high, located
bilaterally to the observer's visual on-axis. A detailed grid is designed based on CIE 140-2000,
with six evenly spaced points across five rows and three columns, each separated by 0.5m
[108]. The main source aligns in such a way, so that its nadir falls on point ‘E1°. For
informational purpose, nadir point is one of the drawn grid points with the maximum
illuminance value. The observer’s position lies along an extended line, 15m from grid point
‘E3” in column 3. To prevent direct light from reaching the observer’s eyes, the sides of the
light sources are covered with pitch-black paper, acting as baffles to block direct glare or stray
light. Although glare or veiling luminance is considered in VL calculations, results show that
the greatest glare comes from higher intensity at wider angles in distant street lighting [109].
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Detailed picture of grid is given in Fig. 4.6 (a) and the side view of the total experimentation
setup is given in Fig. 4.6 (b).
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Fig. 4.6 (a): Detailed Top View of the Experimental setup
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Fig. 4.6 (b): Detailed Side View of the Experimental setup
4.4.2 Human Participants

Ten healthy physiologically and neurologically intact participants (five males, and five
females, mean age 22.5 yrs., S.D., + 1.5) were recruited for this study. All the participants

reported normal or corrected to normal vision. They were provided with detailed understanding
of the entire experimental procedure and signed informed consent before participating in the
experiment. The protocol was cleared by Institutional Ethics Committee.
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4.4.3 Experimental Procedure

The experimentation is conducted in two distinct parts. In the first part, only the main or on-
axis light source is used, while in the second phase, both the main and peripheral light sources
are utilized. For the first phase, the study tests four CCT levels (3000 K, 4000 K, 5000 K, and
6000 K) of the main source, achieving 95% accuracy for setting the CCT values. The objects
are placed at six fixed grid points for each CCT level, with random positioning among these
points, which remain unknown to the observer. These six points, located behind the main light
source, create positive contrast to make the object appear brighter than the background. A
Konica-Minolta CL-70F colorimeter and an Android app are utilized to control and modify
CCT levels. The observer, wearing active shutter glasses, is provided a push button to push,
when it identifies any object in the frontal vicinity. Another push button is given to a researcher
to start the timer and to make the special active shutter glass transparent. Once the object is
positioned, the reaction time is recorded using the reaction time measurement compact device.
Target and background luminance values are measured from the observer’s position using a
Konica-Minolta LS-100 luminance meter, set at 2° field of view, for calculation of VL values
for each object placement. In the second phase, the setup is the same, but two peripheral light
sources are added on either side of the observer’s eyes. These peripheral sources are tested at
three CCT levels (3000 K, 4500 K, and 5000 K) with 95% accuracy of setting for each main
source CCT level. Each observer therefore records four (4 levels of CCT of main source) runs
in the first phase with 24 readings (4 lighting scenes x 6 grid points) and twelve (4 levels of
CCT of main source x 3 levels of CCT of peripheral sources) runs in the second phase with 72
readings (12 lighting scenes x 6 grid points). Distances between the objects, observer, and
luminance meter, for VL calculations, are measured with a Fluke 406E laser distance meter.
Since this is a laboratory-based study, assuming road-like conditions is unnecessary, so no
classification for road type is applied. In each of the readings, participants respond to four
specific questions for each object position, provided in a questionnaire. Marks are assigned
based on agreement or disagreement with the actual shape, size, and other subjective answers,
using a Likert scale. Researchers utilize the Likert scale, which is a unidimensional measure,
to gather respondents’ attitudes and opinions. This psychometric scale is frequently used by
researchers to comprehend the opinions and thoughts of the participants. After calculating the
total marks for one object position, the process is repeated for the remaining five positions, and
the scores are averaged to rate each lighting scene. Fig. 4.7 shows a detailed view of the
questionnaire. Once scenes are rated, comparative analysis identifies the best and worst
lighting scenes. The four questionnaire questions are divided into two categories: a
"subjective" category, covering the first and last questions, based on subjects' personal
impressions, and an "objective" category, covering the second and third questions, which focus
on the shape and color of objects and rely on subjects' perception of them. The marks, to be
given, are categorized into three levels for objective category, where the first level or ‘match’
will carry 2 marks, second level or ‘mismatch’ will carry -2 marks and the third level or ‘nor
recognized’ will carry O marks.
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Fig. 4.7: Questionnaire set asked to the observer as feedback about individual experimental
run.

Furthermore, for subjective type questions (the first and last one), it carries 3 marks for option
(a), 2 marks for option (b), 1 mark for option (c) and 0 marks for option (d). Additionally,
between two consecutive runs of two lighting scenes, all observers are given 15 to 20 minutes
of exposure to normal lighting to help reset their focus from the previous lighting condition
and prepare for the next trial. Actual pictorial representations of total experimental scenario
are given in Fig. 4.8 (a) and (b).
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Fig. 4.8 (a) and (b): Experiments and Measurements are going on
4.4.4 Calculations and Results
The reaction time (RT) is initially measured using the developed dedicated instrument and then
analyzed and averaged in relation to different CCT levels. The average reaction times of the

subjects for the trials under four different levels of CCTs when only source (S) light being ON
and overall uniformity of the selected six grid points are given in the Table 4.2. The average

35



reaction times of the subjects for the trials under four different levels of CCTs of main source
(S) and three different levels of CCTs of peripheral sources (P) and overall uniformity of the
selected six grid points are given in the Table 4.3. The study demonstrates that reaction time
(RT) is shorter when the main and peripheral sources have higher CCTs. Specifically, for a
main source CCT of 6000 K, with CCT range of peripheral sources starting from 3000 K to
ending at 6000 K, the average RT is 0.1944 seconds. In contrast, with a main source CCT of
3000 K and the same peripheral CCT variation, the average RT increases to 0.2816 seconds.
A java script, described in Annexture 1, is also written to calculate the VL and STV values
easily and quick. The visibility level (VL) of the target at each grid point is calculated using
factors such as target luminance, background luminance, reaction time, observer age, and the
angular size of objects. The study includes twelve sets of six VL values for twelve
combinations of main and peripheral source CCTs. From data on illuminance, reaction time,
and luminance, several metrics are computed, including Overall Uniformity (Uo), average
reaction time (ART), average relative weighted visibility level (ARWVL), and small target
visibility (STV), with results summarized in Table 4.4. It is evident that the highest average
STV of 37.98, occurs at a main source CCT of 5000 K, with peripheral CCTs between 3000 K
and 6000 K. Conversely, the lowest STV, with an average value of 31.45, is observed at a main
source CCT of 6000 K under the same peripheral CCT variation. Notably, the best VL values
are achieved with a main source CCT of 4000 K, while the poorest VL values are found at a
main source CCT of 6000 K, again with peripheral variation of CCTs from 3000 K to 6000 K.
Graphs in Fig. 4.9 (a), (b) and (c) illustrate the variations in ART, STV, and VL across different
CCT levels for both main and peripheral sources. The study also reveals that peripheral light
sources raise the overall adaptation light level of the observers’ eyes, leading to increased
values for both reaction time (RT) and small target visibility (STV). It was also observed that
the lowest average RT occurs at a peripheral CCT of 6000 K, regardless of variation of the
main source CCT. Reaction time reaches its minimum when both the peripheral and main
sources are set to 6000 K. Additionally, STV values increase with a peripheral CCT of 6000
K and higher main source CCTs (5000 K and 6000 K). The highest STV, reaching 45.986, is
observed with a peripheral CCT of 4500 K paired with a main source CCT of 4000 K.

Additionally, all lighting scenes are evaluated, using the answers given by the participants after
each reading to the questionnaire for behavioral study, in two parts: the first part measures the
combined effect of subjective and objective factors, while the second assesses only the
objective factors. Calculations are done to evaluate the average scores of the lighting scenes.
The results indicate that a main source CCT of 4000K provides the optimal lighting for object
recognition and observer comfort, while 6000K ranks the lowest when peripheral sources are
absent. With peripheral sources present, a 5000K main source gives the best lighting
environment, while 3000K is rated the poorest when peripheral effects are averaged.
Specifically, peripheral sources at 6000K yield the highest lighting quality, while 3000K is
rated the lowest when averaging the effect of the main source. In terms of individual scenes, a
6000K CCT for both main and peripheral sources produce the best results, whereas a 6000K
main source combined with a 3000K peripheral source yields the worst outcome. Graphs in
Fig. 4.10 (a), (b), (c), and (d) illustrate variations in scores across sections, showing trends with
CCT changes in main and peripheral sources. Table 4.5 presents the average sectional scores
for scenes created by the main source alone, while Table 4.6 shows scores for combinations of
main and peripheral sources. Furthermore, T-tests were conducted assuming unequal

36



variances, with P-values indicating that CCT changes significantly affect total and objective
average scores of lighting scenarios. For scenes without peripheral sources, two-tailed P-values
for total and objective averages are 0.0131 and 0.0130, respectively. When peripheral CCTs
vary, the P-values for total and objective scores are 0.041 and 0.043, with similar P-values
across other main source CCT levels. Thus, the null hypothesis, stating no relationship between
CCT and lighting scores, is rejected, confirming that CCT influences the scores of lighting

scenarios.

Table 4.2: Overall Uniformity and subject’s Average Reaction Time under different levels of

Source CCTs.
CcCT Overall Uniformity Average RT
(U0 {Seconds)
3000 K 0.17621 04567
4000 K 0.15477 04318
5000 K 0.17334 04298
6000 K 0.17236 0469

Table 4.3: Overall Uniformity and subject’s Average Reaction Time under different levels of
Source and peripheral source CCTs

CCT CCT Overall Uniformity Average RT
(Somrce) (Peripheral ) U (Seconds)
1000 K 0.476 0.3433
IO E 4500 K 0.554 0.24
6000 K 0.554 0.2616
3000 K 0.453 0.266666667
A0 E 4500 K 03 0.29
6000 K 0.51 0225
1000 K 0422 02216
SO0 E 4500 K 05 0.2466
6000 K 0.486 0.2
1000 K 048 02116
6000 K 4500 K 048 0.1883
6000 K 048 01833
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Table 4.4: Table of Overall Uniformity (Uo), average reaction time (ART), average

weighted visibility level (ARWVL) and small target visibility (STV)

relative

Overall
CCT CCT . . Average RT

(Source) | (Peripheral) Um(f[(}ror)nlty (Secind) ARWVL STV
3000 K 0.476 0.343333333 | 0.000415027 | 33.81924027

3000 K 4500 K 0.554 0.24 0.000164115 | 37.84851701
6000 K 0.554 0.261666667 | 0.000109402 | 39.60972938
3000 K 0.435 0.266666667 | 0.000149506 | 38.25340625

4000 K 4500 K 0.5 0.29 2.51985E-05 | 45.98624868
6000 K 0.51 0.225 0.004447658 | 23.51868634
3000 K 0.422 0.221666667 | 0.000999852 | 30.00064194

5000 K 4500 K 0.5 0.246666667 | 4.37995E-05 | 43.58530448
6000 K 0.486 0.2 9.20043E-05 | 40.36191731
3000 K 0.48 0.211666667 | 0.000518447 | 32.85295348

6000 K 4500 K 0.48 0.188333333 | 0.001880307 | 27.2577131
6000 K 0.48 0.183333333 | 0.000376155 | 34.24632911

Table 4.5: CCT of Source (S) and Total Average and Objective Average.

CCT Taotal Ave. Obj. Ave.
000K T.783 305
4000 K T9E3 3333
000K 7867 315
G000 K 765 3

Table 4.6: CCT of Main (S) and Peripheral sources (P) and Total Average and Objective

Average.
CCT (Source) CCT (Peripheral) Total Ave. Objective Ave.
000 E 3417 1633
WK 4300 K 3.633 3687
6000 B £33 a7
3000 E B i
4000 K 4300 K 3673 i
6000 B 3573 a7
3000 E £8125 375
M E 4300 B 20125 395
6000 B 36235 365
000 E 3323 33
6000 B 4500 K 3.323 35
6000 B 915 4
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Fig. 4.10 (d): Graph between CCT & Objective Avg. Marks with combination of Main &
Peripheral source.

If the graph represented in Fig. 4.9 (a), (b) and (c) is analyzed, then it can be stated that with
the increment of CCT of main or on-axis and peripheral sources average reaction time (ART)
decreases to a certain limit after that it again increases, small target visibility (STV) also shows
near similar trend of reduction and visibility level (VL) also decreases. Furthermore, analysis
of the graphs of Fig. 4.10 (c) and (d) revealed that total and objective average marks are higher
for 4000K CCT of main source.

4.4.4.1 Visibility Level Calculation

The quantified visibility parameter, or VL, is a complex, dimensionless metric primarily guided
by Ricco’s law and Weber’s law. It depends on factors such as the luminance difference
between an object and its background, exposure or reaction time (RT), the observer's age,
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contrast type (positive or negative), and glare [23]. The IESNA-RP-8—-00 standard outlines a
straightforward method for calculating STV and provides necessary formulas [24]. Notably,
the STV method has been shown to deliver optimal results compared to other visibility models,
which is why it was chosen for this study [110]. Additionally, since dark highway environments
increase the likelihood of hazardous conditions, it was observed that raising drivers’ eye light
adaptation levels can reduce glare effects from oncoming headlights or distant street lights
[24]. For this reason, the study also incorporates peripheral light sources to assess the impact
of increased human eye adaptation levels. Furthermore, this research explores the human eye's
ability to detect objects and perceive object details across various correlated color temperature
(CCT) levels, aiming to correlate visual acuity with CCTs [69]. The visibility level of the
specified objects in the study is calculated by

AL
VL — actual
ALthreshold

where, ALacwal 1s the luminance difference between the target and the background in the
Laboratory conditions.

ALunreshold 1s the luminance difference between target of certain angular size and its background
for minimum visibility.

Now, ALactual = L - L» Where, L, is target luminance and L is background luminance.

To calculate ALmreshold, it is essential to determine whether the object exhibits positive or
negative contrast. Positive contrast occurs when the target's luminance is higher than that of
the background, whereas negative contrast happens when the background luminance surpasses
the target's luminance. Research has shown that objects with negative contrast are consistently
more visible at the same ALacwal compared to those with positive contrast [111]. These findings
reveal that the threshold difference is highly dependent on the background luminance (Ly) and
the angular size of the target object [112]. Based on these factors and the collected data, Adrian
introduced the contrast polarity factor (Fcp). Additionally, he incorporated an age factor (AF)
to account for age-related adjustments in the eye. Detailed steps of calculations are given in
Annexture 2.

1

2 1
ALthreshold = k * (% + Lz ) * Fcp * (a(a'—i‘b)-l-t) * AF

Where, ®'?: Luminance flux function.

L"?: Luminance function.

a: Target size (given in Fig. 4.11).

F¢p: Contrast polarity factor.

a(a, Lpy): Parameter depends on size of target and background luminance.

t: Observation time.

AF: Age factor.

k : Factor for the probability of perception (k = 2.6 for 100% probability) [23,109,113].
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4.4.5 Conclusions

The study demonstrates that increasing the CCT of both primary and peripheral light sources
enhances eye adaptation and sensitivity. Higher CCT levels are shown to significantly reduce
drivers' average reaction times and improve the STV values in the lighting environment. These
findings indicate that road lighting designs should prioritize higher CCT values for street lights
to optimize driver response. Additionally, using the behavioral responses of the human
participants, the study suggests that at 4000K, in the absence of peripheral lighting, optimal
object recognition and observer comfort are achieved. When peripheral sources are present,
the best object recognition shifts to a higher CCT level of 5000K for the primary source. These
insights should be considered in road lighting design, particularly in the Indian context. Future
studies are necessary to explore how CCT and other lighting parameters affect drivers' and
pedestrians' cognitive and temporal processes. Such research could contribute to developing
lighting standards tailored to the Indian environment, enhancing human performance and
safety. However, as this research was conducted in a controlled laboratory setting, further
investigation on real roads is essential to confirm that higher CCT street lighting can indeed
improve drivers' cognitive responses and obstacle detection.

4.5 Effects of Variations of CCT of On-axis LED Light Source and of

Flickering Frequency of Peripheral Sources on Reaction Time and
Visibility Level for On-axis Object Recognition

It is well-established that peripheral light sources significantly impact human visual task
performance in various lighting environments, especially for tasks requiring direct on-axis vision.
The color temperature of both main and peripheral light sources also significantly affects drivers'
performance in real road settings. Thus, it's important to study how peripheral glaring LED sources
influence task performance. This experimentation presents a laboratory experiment designed to
assess the effects of various frequencies of peripheral flickering LED sources, combined with
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different levels of CCTs of the main or on-axis LED source, on the reaction times of static human
observers in recognizing test objects. It also aims to find correlations between observers' reaction
times, the chromaticity of the main source, and flickering frequency. Correlated color temperature
(CCT) serves as a valuable lighting parameter for this experiment, as it can be directly linked to
chromaticity, a key characteristic of light sources. The experiment reveals that reaction time
decreases as the CCT of the main source increases, regardless of flickering frequency changes.
Additionally, introducing flicker and altering flicker frequency significantly impact reaction times,
with peripheral glare sources’ flickering increasing reaction time for object recognition. Further
behavioral studies with participants in the same setup reinforce the reaction time findings.

45.1 Experimental Setup Development

This experiment was conducted in the laboratory of the Illumination Engineering division in
the Electrical Engineering Department at Jadavpur University, even though the study focused
on road lighting characteristics and conditions. The aim was to explore the general correlation
between the CCT of the main light source, the flickering frequency of peripheral sources, and
observers' reaction times for object recognition. To minimize internal light reflection, the lab’s
walls, ceiling, floor, and furnishings were painted dark, and steps were taken to block any stray
external light. These measures ensured a clear, reliable outcome, intended as a benchmark for
future field experiments on real roads. Based on the prevailing lighting scenarios, the
experiment was divided into two distinct phases: one without peripheral flickering glare and
one with a peripheral flickering glare source. The trials with flickering glare were further
divided into four sub-trials based on different flicker frequencies as 3Hz, 5Hz, 8Hz and 10 Hz.
The reason behind the choice of these values is that they are commonly seen in Indian roads.
For each flickering glare condition and the no-glare condition, the CCT of the main light source
was varied. Behavioral data was collected using a questionnaire and reaction time data is
recorded using reaction time measuring compact device, operated by each participant during
their trials. The experiment relied on three key elements: light sources, objects, and devices for
measuring reaction times. Other setups are also done to do this experimentation.

451.1 Light Sources

This experimental setup used three LED lights: one as the main source and two as peripheral
sources. The main source is a Halonix made smart LED light controlled by an Android app
(for adjusting CCT), with a power rating of 12 watts, a B22 base, and a luminous flux output
of 820 lumens. The two peripheral LED sources are 12 volts and 9 watts, custom-built in the
lab by mounting 12-volt phosphor-coated LED chips onto heat sinks with two diffusers. They
have a fixed CCT of 5500 K, with chromaticity coordinates of x = 0.3324, y = 0.3486 when
fully lit. Flickering for the peripheral sources is managed by an Arduino Uno microcontroller-
controlled controller circuit enclosed in a transparent plastic box, which generates the desired
flicker frequency through pulse width modulation of a square wave. The code responsible for
this operation is given in Annexture 1. The flickering controller device includes two 12-volt
LED drivers to convert 240 volts AC to 12 volts DC. Fig. 4.1 and Fig. 4.12 (a), (b), and (c)
below shows detailed images of the light sources, the chromaticity diagram of the peripheral
sources, and the flickering controller device.
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45.1.2  Stimuli or Object

To measure Reaction Time (RT) for object recognition and behavioral responses of the human
participants, a cuboid shaped and yellow colored object were created. It is constructed with
specific dimensions, and their individual reflectance has been measured to meet standard value.
According to some sources, the ideal reflectance for an object should range from 20% to 50%
[107]. In this study, a target object with an average reflectance of 36.5% across all CCT levels
is used. A Metravi 1310 digital light meter is employed to measure the reflectance. It is shown
in Fig. 4.4.
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Fig. 4.12 (a): Bare and Covered Peripheral Light source with Heat Sink
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Fig. 4.12 (b): Chromaticity Diagram of Peripheral Light Sources
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Fig. 4.12 (¢): Flickering Source controller

45.1.3  Reaction Time Measuring Compact Device

A microcontroller-based timer device was developed to measure Reaction Time (RT) in human
subjects. This device features a 16x2 LCD display to show recorded times, with all
components, including the active shutter glass circuit, Arduino, display, and wiring, enclosed
in a portable box. Powered by a 9V battery, it can timestamp in milliseconds. The researcher
starts the timer, while the subject stops it, both using push buttons. Further operational details
are provided in the experimental procedures. The active shutter glass, a specialized type of
eyewear commonly used in 3D cinemas and VR headsets, includes LCD lenses that normally
stay opaque to block visual input. A modified electronic circuit within the frame allows the
lenses to switch from opaque to transparent with a 9V battery-powered push button. This setup
controls the subject's exposure time, with the active shutter providing 700 milliseconds of
visibility, sufficient for object recognition, which typically requires around 100 milliseconds.
Connected to an Arduino microcontroller, the push button makes the lenses transparent for 700
milliseconds before automatically reverting to opaque, allowing observers to view grid points
at a 2° solid angle. These two devices work together to form the Reaction Time Measuring
Compact Device (RTMCD). Fig. 4.5 (a) and (b) provide images of these devices.

45.1.4  Other Experimental Setup

In addition to these three elements, the experiment location was also set up carefully. The main
smart LED source and two auxiliary flickering sources were mounted on three steel light poles.
The primary source was positioned 2 meters above the ground, while the two auxiliary sources,
each acting as glare sources, were positioned 1.5 meters above ground near the observers,
aimed at their eyes at a 15° angle to the horizontal axis parallel to the ‘A’ column of the grid.
Following CIE 140-2000, a grid with 25 evenly spaced points was created, arranged in 5 rows
and 5 columns, with each grid point spaced 0.5 meters apart [108]. The main light source or
pole was aligned so that its nadir point fell on grid point "E1." The observer was positioned
along the extended line that connects all points in column 3, at a distance of 15 meters from
grid point "E3." Fig. 4.13 (a) and (b) provides a detailed illustration of the experimental setup,
highlighted for clarity.
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Fig. 4.13 (a): Top view of the experimental setup
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Fig. 4.13 (b): Side View of the Experimental Set-Up
45.2 Human Participants

The participants in this study included five healthy individuals (four men and one woman) with
an average age of 22.5 years (SD 5%), all in good physiological and neurological health. Each
reported normal or corrected-to-normal vision. Before the trial, they were given a
comprehensive explanation of the procedure and provided informed consent. The study
protocol was approved by the institutional ethics committee. Figure 4.14 (a) shows illustrative
image of the experiment, while Figure 4.14 (b) provides a sample image of a participant with
special active shutter glass.
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Fig. 4.14 (b): Participant with Special Active Shutter Glass

45.3 Experimental Procedure

This study was conducted in two main steps. In the first step, the yellow target object was
placed at specific grid points, positioned at C2 and B5 grid points, unknown to the observers.
The object was placed repeatedly at each point three times under three different CCT levels
for the main light source (3000 K, 4500 K, and 6000 K, with SD +5%), while no peripheral
flickering sources were present, resulting in a total of 6 measurements per participant (3 CCT
levels x 2 object positions). When the main source was set to 3000 K, its chromaticity
coordinates were x = 0.4328 and y = 0.3966; for 4500 K, they were x = 0.3608 and y = 0.3636;
and for 6000 K, the coordinates were x = 0.3219 and y = 0.3433. Fig. 4.15 provides detailed
chromaticity diagrams for the main source. The object was placed in front of the observers,
positioned behind the main source to create positive contrast (making the object appear brighter
against its background). The CCT levels were controlled and fixed using a specific Android
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application and were verified with a Konica-Minolta CL-70 F colorimeter. Observers were
given a designated push button, and the object was placed randomly in front of them, with
reaction time (RT) measured using the RT measuring compact device. In the second step of
the experiment, the procedures remained the same, but two peripheral flickering sources were
added. The flickering frequency was adjusted from 3 Hz to 10 Hz, including intervals at 5 Hz
and 8 Hz, for each CCT level of the main source. Reaction times were recorded again, resulting
in a total of 24 measurements per participant (3 CCT levels x 4 flickering frequencies x 2 object
positions). Fluke 406E laser distance meter is used to measure and fix distances between setup
elements. Due to the laboratory environment, any road-like assumptions for the flooring were
unnecessary and not categorized. Additionally, a behavioral study was conducted using a
predefined Likert scale with the five participants. The Likert scale, a unidimensional measure
commonly used by researchers, was employed to capture participants' attitudes and opinions.
A detailed questionnaire was administered to participants after each lighting scene, and they
recorded their preferences. Picture of the questionnaire is given in Fig. 4.7. The behavioral data
were then aggregated by averaging the scores given to each question for each lighting scene,
resulting in a summative score on a scale of 10 for each scene. These scores were then averaged
across all participants, yielding the final scores used to evaluate the lighting scenes.

TEST-180904_078_02 TEST-180904_087_02

1) 2)

TEST-180904_095_02"

3)

1) CCT - 3000K
2) CCT - 4500K
3) CCT - 6000K

Fig. 4.15: Chromaticity Diagram of Main Source’s three CCT level
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4.54 Calculations and Results

The average reaction time for the five participants was calculated and analyzed in relation to
CCT levels and flickering frequencies. Reaction times were plotted against the CCT values of
the main source while keeping flickering frequency constant, resulting in five distinct graphs.
After gathering behavioral data from questionnaires, each lighting scene received a summative
score out of 10, derived by averaging each participant's responses for the scene. These scores
were further averaged across all participants to yield final evaluation scores for each lighting
scene. The graphs created for flickering frequencies of 8 Hz, 10 Hz, and no flickering show a
clear trend: reaction time decreases as the CCT of the main source increases, with the longest
reaction times at 3000 K and the shortest at 6000 K. At 3 Hz, however, the reaction time peaks
at 4500 K and is lowest at 6000 K. Meanwhile, at 5 Hz, reaction times are longest at 3000 K
and shortest at 4500 K. The difference between intermediate and maximum reaction times at
3 Hz, as well as between intermediate and minimum reaction times at 5 Hz, is minimal. Overall,
the results indicate that reaction time decreases as the main source CCT increases, regardless
of changes in flickering frequency. Additionally, when reaction times were plotted against
flickering frequency while keeping the main source CCT constant, three more graphs were
generated. Data from the behavioral study show that lighting conditions with flickering
frequencies of 8 Hz and 10 Hz, at all CCTs of the main light source, created the least favorable
conditions. In contrast, lighting scenes with a 3 Hz flickering frequency at main source CCTs
of 3000 K and 6000 K, and a 5 Hz frequency at 4500 K, scored reasonably well, following the
scenes with no flickering. This clearly suggests that peripheral flickering generally increases
observer reaction times compared to scenes without peripheral flickering. A detailed table of
the measured data is presented in Table 4.7. The graphs showing the relationship between
reaction times and main source CCTs are provided in Fig. 4.16 (a), (b), (c), (d), and (e), while
those between reaction times and flickering frequencies are shown in Fig. 4.17 (a), (b), and (c).
Fig. 4.18 (a), (b), and (c) illustrate the average scores given to each lighting scene against
flickering frequency at three levels of the main source’s CCT. Fig. 4.19 provides an additional
graph to explore the relationship between reaction times, CCTs, and flickering frequencies
combined.
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Fig. 4.16 (a), (b), (c), (d), (e): Reaction Time (RT) vs. CCT at different flickering
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Table 4.7: Measured Reaction Time in different level of CCT and Flickering Frequencies

Flickering Frequencies
CCT
OFF 3Hz 5Hz 8 Hz 10 Hz
3000K | 0.641s 0.6207s [ 0.7176 s | 0.7165s | 0.708 s
4500K | 0.595s 0.639 s 0.577 s 0.706s | 0.6545 s
6000K | 0.522s 0.555s 0.584 s 0.505 s 0.516s
4.5.5 Conclusion

The study on reaction times highlights that peripheral flickering significantly impacts an
observer’s reaction time when detecting objects, as it tends to increase the time required for
object recognition. In addition, the behavioral study conducted with participants under the
same experimental setup yielded consistent similar results, aligning with the findings from the
reaction time measurements for object detection. Observers' reaction times decreased as the
CCT of the main light source increased, regardless of changes in flickering frequency.
Participants also reported that peripheral flickering was disruptive and acted as an irritating
peripheral glare source. Previous studies have demonstrated that higher CCTs for both primary
and peripheral light sources notably improve drivers' reaction times and enhance the visibility
of small targets (STV) under these lighting conditions. Depending upon these findings, it can
be inferred that road lighting designs should minimize sources that may cause peripheral
flickering. After a lighting scheme has been installed, it is essential to assess the lighting
conditions to identify any potential flickering. If flickering is detected, the waveform should
be examined, and corrective measures should be taken as necessary. Moreover, when the use
of glaring or flickering peripheral sources is unavoidable, setting the flickering frequency at
around 3 Hz is recommended if the ambient CCTs of light sources are 3000 K or 6000 K. If
the ambient CCT is around 4500 K, a flickering frequency of approximately 5 Hz would be
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ideal. Finally, incorporating high CCT light sources into the lighting scheme could be
beneficial for improving visibility and reducing reaction times.

4.6 Work Flow Diagrams
In this section three work flow diagrams are given. The first one describes how reaction time

is measured for the previous experiments, given in Fig. 4.20. Second and third diagrams states
the experimental steps of the previous two studies and given in Fig. 4.21 and Fig. 4.22.
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Fig. 4.20: Work Flow Diagram to Measure RT
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Chapter 5: Effect of Lighting Parameter on Object Detection
by Human Observers: An EEG and GSR based
Novel Approach

5.1 Introduction

and supporting human interactions within dynamic public environments. Primarily

functioning as a public lighting system with extended operational hours, street lighting
accommaodates a wide range of users, drivers and pedestrians, under diverse conditions throughout
the day. While its core purpose centers on object detection, specific requirements vary according
to the traffic composition at different times. For both drivers and pedestrians, object identification
is a critical and cognitively demanding task, especially for nighttime navigation and accident
prevention [33-34]. In Indian cities, where roads frequently feature mixed traffic, including
pedestrians and bicycles on major roads and motorized vehicles in narrow lanes, this need is
particularly pronounced. Lighting impacts human efficiency and presentation via three key
mechanisms: the visual system, circadian rhythms, and mood and motivation. Visual system
provides an image-based representation of the world, shaping perceptual experience and enabling
object detection, which relies on parameters like visual size, luminance contrast, color difference,
retinal image quality, and retinal illuminance. Additionally, lighting influences the non-visual
system, which affects the circadian rhythm or biological clock, a process managed by the
suprachiasmatic nucleus (SCN) related to the retina’s ipRGC cells. This system regulates the sleep-
wake cycle and other functions through hormonal interactions, with melatonin and cortisol playing
significant roles. Lighting further influences mood and motivation, as visual stimuli and the
environment surrounding it can induce emotional responses that affect task engagement. Visual
discomfort, such as glare or flicker, can impair performance, while thoughtfully designed lighting
may communicate symbolic meanings based on context, culture, and social expectations,
sometimes outweighing minor physical discomforts. The visual system, as an image-capturing and
processing mechanism, projects the external world onto the retina, where initial image processing
occurs. Objects are identified by parameters including visual size, contrast, color difference, image
quality, and brightness, which together determine the detectability and recognizability of stimuli

Street lighting serves as a specialized application focused on facilitating object recognition
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[44]. Some studies on object identification and visibility models incorporate human factors such
as age and reaction time [23], but they do not fully address the direct impact of CCT from primary
and peripheral light sources on the brain's temporal processing. As a result, road lighting designs
are not yet fully human-centered. Additionally, the effect of CCT on brain function remains
insufficiently quantified, making it difficult to translate this impact into a measurable parameter
for on-demand lighting design. This highlights the need to redefine human-centric approaches and
the “smartness” of LED lighting. To address this gap, this thesis explores electroencephalography
(EEG) and galvanic skin response (GSR) measurements of individuals under varying LED lighting
conditions, specifically altering the CCT of main and peripheral sources. EEG and GSR data were
gathered using reliable instruments to attempt quantifying these effects and develop a new
parameter for street lighting design. Where EEG measures electrical activity in different brain
regions, typically in microvolts, via electrodes precisely placed on the scalp, providing insights
into cognitive load and processing involved in specific tasks [40]. GSR, a type of electrodermal
activity, assesses sweat gland activity that reflects skin conductance changes tied to sympathetic
nervous system arousal. Elevated electrodermal activity correlates with heightened arousal, often
signaling stress, anxiety, or surprise [41]. These insights indicate that both physiological and
psychological elements contribute to overall alertness levels, underscoring the need for further
exploration. This thesis aims to contribute new insights to this expanding field of knowledge by
finding the visual and non-image forming effects of variation of certain lighting parameter, here
CCT, of LED on object recognition task by human observers.

5.2 Background

Object identification on roads is a critical, complex, and cognitively demanding task for both
drivers and pedestrians. It is essential for nighttime driving and accident prevention [114-115].
Failure to correctly identify objects and make precise decisions can lead to fatal accidents. Road
accidents cause over a million deaths and numerous injuries worldwide, with India accounting for
11% of global fatalities, ranking highest among 199 countries [4-5]. In a 2014 study in Tamil
Nadu, visual factors were linked to 47% of accidents, highlighting the role of lighting and visibility
for both drivers and pedestrians [66]. Object detection under night-time conditions is challenging
due to fluctuating luminance levels on road surfaces, varying shapes, sizes, colors, and movement
directions of objects (e.g., on-axis or peripheral) and driver fatigue [77]. Research suggests that
adequate street lighting could reduce nighttime fatalities by 65% and injuries by 30% [72,76].
Effective street lighting provides sufficient illuminance and luminance, helping drivers maintain
stability and accuracy for object detection. The degree of object recognition, under various lighting
sources and scenes, is evaluated through human-centered parameters like reaction time (RT),
visibility level (VL), and small target visibility (STV). Studies have shown that variations in
correlated color temperature (CCT) in white LED sources can impact both visual and non-visual
cognition in road users. In the past three decades, street lighting design has shifted from
illuminance-based to luminance-based approaches, as luminance is central to human vision [70].
In 1989, W. Adrian introduced a formula for calculating VL, demonstrating that luminance, age,
and glare significantly impact object identification [23]. This model has since been included in
various road lighting standards [24]. An alternative, the visibility index (VI), based on luminance
and contrast, was developed but gained limited use due to complex calculations [110]. Researchers
have validated the VL model [113]. Studies on the visual and behavioral effects of CCT variations
of LEDs on VL and RT of human observers for object identification task indicate that as CCT
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increases, RT decreases, and VL improves [116]. Other research found that RT decreases with
higher CCT in main LED sources, despite flickering peripheral lights. However, an increase in
flicker frequency in peripheral lights can increase RT [117]. Although some object identification
and visibility models consider human factors like age and RT, they do not fully address the direct
effect of CCT from main and peripheral light sources on temporal brain processes of human
observers. As a result, road lighting schemes lack a fully human-centered approach. Additionally,
the influence of CCT on brain function has not been sufficiently quantified to provide an empirical
parameter for on-demand lighting design, underscoring the need to redefine human-centered LED
lighting approaches. This study investigates electroencephalography (EEG) and galvanic skin
response (GSR) measurements under varied lighting conditions, focusing on CCT adjustments in
primary or on-axis and peripheral LED light sources. Reliable devices were used to capture EEG
and GSR data, with an aim to quantify these effects and propose a new parameter for street lighting
design. A behavioral and RT data comparison was also conducted to support the experimental
claims. EEG records electrical brain activity in microvolts across different regions via electrodes
on the scalp, capturing both cognitive processing and artifacts from facial and bodily movements,
which are treated as noise during cognitive analyses [40]. A lab-based study found significant ERP
differences under high-pressure sodium vapor (HPSV) versus metal halide (MH) lighting, with
MH lighting enhancing object identification efficiency [118]. In real-road EEG studies, MH
lighting was superior to HPSV for cognitive performance [119]. In another study, simulated EEG
analysis of urban drivers showed that warmer CCT of light sources positively influenced driving-
related cognitive processing [120]. GSR, an electrodermal activity measurement, assesses sweat
gland activity linked to sympathetic nervous system arousal. Elevated electrodermal activity, often
associated with stress, fear, anxiety, or surprise, is measured through skin conductance responses
(SCR) or the phasic part of GSR [41]. In this study, GSR data complemented EEG findings to
detect mental strain in participants’ responses [121]. Many studies have utilized GSR or the phasic
part as a secondary measure to assess participants' stress levels through skin conductance analysis
[122-123]. In fact, one study differentiated cognitive load and stress using GSR data analysis [124].
As the background suggests, to study the image-forming and non-image-forming effects of CCT
variations of Main or on-axis and peripheral LED sources on object identification task by human
observers, an experimental setup was created in the Illumination Engineering Lab of Electrical
Engineering Department of Jadavpur University. The setup included three wirelessly controlled,
low-power LEDs in a simulated dark environment, with one LED serving as the main source and
the other two as peripheral sources. Twelve lighting scenarios were created by adjusting CCT
levels of the main and peripheral sources. EEG, GSR, and RT data were measured for two specific
object positions with high positive contrast. Results indicated that CCT variations in primary and
peripheral sources strongly affected brain activity, GSR signals, RT, and behavior. The study
found that a CCT range of 4500K to 5000K for both main and peripheral sources is optimal for
accurate object recognition. Excessively high or low CCT, producing a bluish or reddish hue,
delayed object recognition and increased RT. Additionally, the low-to-high frequency power ratio
in the logarithmic spectral power plot of EEG recordings may serve as a metrical for assessing the
human-centered quality of a particular lighting scene. Through extensive research, scientists have
identified different types of brain waves, which are primarily classified into five categories
according to their frequencies. As brain activity intensifies, the frequency of these waves also rises.
Listed in ascending order of frequency, the categories include Delta, Theta, Alpha, Beta, and
Gamma waves. Table 5.1 below provides a simplified overview of the significance of each brain
wave type.
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Table 5.1: Details about Brain Waves

Brain

Wave Frequency range Important Features

Key Feature: Cure, sleep very well.

This wave has the lowest frequency of all. It denotes minimal brain
Delta 0.5-8 Hz activity. Delta is most prominent when someone is in deep sleep or
in a state where he has no external awareness for example
meditation. Delta is also associated with empathy and intuition.

Key Feature: Deep relaxation, meditation, Improved Memory
Theta signals dominate when we dream in light sleep many times it
Theta 3-8 Hz is called having a dream consciously. Also, during meditation Theta
signals are produced. It is also associated with stress relief and
memory relocation.

Key feature: Creativity, Relaxation, Visualization

Alpha signals are associated with overall body and mental
Alpha 8-12 Hz coordination, calmness, alertness. It is said that this signal denotes
the best condition for reflex and problem solving and visualization
when we are learning or doing something creative.

12-38 Hz Key feature: Being aware, Concentration.

(Beta 1: 1215 Hz Denotes a state of high consciousness and alertness and focus

Beta towards a cognitive task in decision making or judgement or
Beta 2: 15-22 Hz, . . . . ..
Beta 3: 22-38 Hz) producing new ideas. It is beneficial for productivity for the tasks
’ that require a higher level of brain engagement and concentration.
Gamma 38-42 Hz Fastest of brain waves, highly prominent when expanded

consciousness and spiritual emergence, altruism.

5.3 A Laboratory Based Investigation into the Impact of CCT Variations of
LED on Human Object Recognition: A Novel Approach Using EEG and
GSR

Research has demonstrated that CCT of light sources have notable influences on human drivers'
ability to identify objects. EEG-based studies are highly effective for identifying neural responses
to real-life stimuli. However, other factors can also affect neural responses. Thus, EEG alone
cannot serve as a fully effective standalone approach; combining it with behavioral studies
enhances the accuracy and objectivity of the findings. Consequently, behavioral and physiological
studies are essential to measure the effects of various CCT levels in street lighting. For this reason,
a laboratory study was conducted to study the behavioral effect of different CCT levels in main
and peripheral LED lighting on object recognition by stationary human observers within simulated
lighting environments. The study aimed to gain insight into possible brain processes and emotional
responses during object recognition tasks using electroencephalography (EEG) and galvanic skin
response (GSR). The effects of CCT levels from both peripheral and main on-axis sources on EEG
frequency bands, event-related potentials (ERPs), and GSR were analyzed. Additionally, reaction
time and behavioral data were collected to correlate these findings. Results indicate that a CCT
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range of 4500K to 5000K for both primary and peripheral light sources is ideal for accurate object
recognition. Furthermore, a scoring factor for lighting scenes was proposed to assess human-
centered design, which could serve as a future metric.

53.1 Experimental Setup Development

This experimental study was planned and orchestrated to examine the impact of different CCT
levels in main and peripheral LED light sources on the brain's temporal processing, GSR
signals, reaction time in object detection, and the behavioral responses of stationary human
observers. The complete experimental setup consists of four primary components: EEG, GSR,
reaction time, and behavioral experiment setups. Excluding these four sections, other
experimental setups are also described in this section.

5311 EEG Setup

In this object detection study involving stationary human participants, a 14-channel portable
EEG headset is employed to capture time-dependent brain signals specifically related to object
detection events. The study utilizes the Emotiv Epoc X wireless EEG device, which is
positioned on participants’ heads following the international 10-20 electrode placement
system. In this system, '10" and '20" designate the intervals between neighboring electrodes.
These distances are determined as 10% or 20% of the overall skull length, measured either
along the anterior-posterior or lateral axis [125]. Fig. 5.1 (a) illustrates the 10-20 system
layout. Once the EEG headset is secured on the participant’s head, data recording begins
through a dedicated laptop, where a specific key is assigned for marking event occurrences.
The setup protocol requires participants to keep their eyes open for one minute, then closed
for one minute, and subsequently engage in the object detection task. This task is supported
by a lab-developed special active shutter glass, designed to block peripheral stimuli in normal
conditions, otherwise the brain may engage with peripheral stimulus, and is connected and
synchronized with the reaction time measuring device. An illustrative image is shown in Fig.
5.1 (b).
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Fig. 5.1 (a): 10-20 Co-ordinate system Fig. 5.1 (b): Special Active Shutter Glass
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5.3.1.2 GSR Setup

To measure electrodermal activity (EDA) or galvanic skin response (GSR) of stationary
participants during object recognition tasks, a laboratory-developed device based on an
Arduino Uno microcontroller was created. This device employs a Seed Studio Grove GSR
sensor with an operating voltage of 3.3 or 5V and adjustable sensitivity. Previous research has
shown that such low-cost GSR sensors can provide sufficient accuracy for recording GSR
signals in this type of experimental setup, offering a cost-effective alternative to expensive
branded equipment [65]. During the object detection experiment, participants wear two nickel
electrodes embedded in finger bands on adjacent fingers, allowing for continuous GSR signal
recording. These electrodes connect to the GSR sensor, which measures the resistance
between them and converts it into an analog signal. The data is recorded onto a microSD card
as a .txt file for later analysis. A 5mm blue LED inside the device serves as an indicator,
confirming flawless data recording onto the microSD card. An illustrative image is shown in
Fig. 5.2. Responsible code for GSR device is given in Annexture 1.

Blue LED

Nickel Electrodes of
GSR

Power Cord

Fig. 5.2: GSR Device
53.1.3 Reaction Time Measuring Setup

Previously, in other experiment a rudimentary version of reaction time measuring device is
used. It was replaced by a new, more compact and rugged reaction time measuring device,
where the control circuit for special active shutter glass is eliminated and the glass is directly
attached with the Arduino Uno microcontroller, with OLED screen. To measure participants'
reaction times, a specialized device called the Reaction Time Measuring Compact Device
(RTMCD) v2.0 was developed. This lab-built device uses an Arduino-based (Uno Rev3)
microcontroller synchronized with programmed active shutter glasses. The glasses are
typically opaque or dark, used to block the wearer’s view. Both the participant and the
researcher are provided with separate push buttons. When the researcher presses their button,
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a timer with millisecond precision starts, and the glasses become transparent for 700
milliseconds before turning opaque again. During this brief transparent window, the participant
has an opportunity to recognize objects. Once an object is identified, the participant presses
their designated push button, stopping the timer, and the reaction time is shown on an OLED
screen, as shown in Fig. 5.3.

OLED Display

Fig. 5.3: RTMD v2.0

53.1.4 Behavioral Study Setup

To evaluate the behavioral responses of participants in the object recognition experiment under
varying CCT levels of main and peripheral light sources, a questionnaire with four questions
was provided. These questions are grouped into two primary parts: subjective and objective
questions. Responses to the subjective questions are based on the participants’ feelings about
the lighting scene presented, while answers to the objective questions depend on the perceived
color, shape, and general appearance of the objects. Each answer is recorded and marks are
given to the answer for each participant under each lighting scene and object position,
following the Likert scale method [126]. After recording all scores, average scores are
calculated for each lighting scene.

5.3.1.5  Other Experimental Setup

In addition to the four main setups, the experiment required a carefully controlled lighting and
environmental setup. The experimentation was carried out in a specially designed black
laboratory to minimize light reflection, maximize absorption, and significantly reduce glare and
flicker impacting the participants’ eyes. To achieve this effect, additionally the floor was also
covered with black jute. Three smart, CCT-tunable 12-watt LED bulbs were mounted on three
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miniature steel street light poles to simulate scaled-down road lighting scenarios. One pole
contained the main light source, positioned at a height of 2 meters, while the two peripheral
sources mounted on other two poles, each 1.5 meters high, provided peripheral lighting. These
LED bulbs, which emit 820 lumens and have a B22 base, were controlled through an Android
app. The main light source was positioned directly in front of the subjects, with a marked nadir
point directly beneath it representing the point of maximum illuminance. Using the nadir as a
reference, a grid of eight equidistant points (0.75 meters apart) was laid out following the CIE
140-2000 standard [108]. This grid was organized into two columns with four rows labeled Al
to A4 in one column and B1 to B4 in the other, with B1 as the nadir point. Iso-lux diagrams are
drawn for better understanding of the overall uniformity (Uo) and are given in Fig. 5.4 (a) and
5.4 (b), where the first figure depicts the Iso-lux diagram when there are no peripheral sources
and the second figure depicts the Iso-lux diagram when there are peripheral sources present in
the lighting scenes. The subjects were placed 15 meters from the nadir, with their eye level set
at 1.15 meters above the ground, measured using a Fluke 406E laser distance meter.
Additionally, the peripheral light sources were placed behind and to the sides of the subjects, 5
meters apart, and focused on the grid. Each LED source was fitted with a black conical baffle
to prevent glare. Objects of various shapes, colors, and reflective properties were used for the
object identification task. The main LED source was also covered with a small baffle to reduce
glare. Both main and peripheral sources were arranged to achieve uniformity levels of 0.166
and 0.17 along columns A and B respectively and 0.34 across the grid, aligning with "Group-
B" road lighting standards in India [68]. Details of the used objects for object identification task
are given in Table 5.2. For the object identification, contrasts at each grid point were measured
using a Konica Minolta LS-100 luminance meter, and grid points A2 and A3, having the highest
positive contrast values, were chosen for object placement. The experiment tested four CCT
levels (3000K, 4000K, 5000K, 6000K) for the main source and three CCT levels (3000K,
4500K, 6000K) for peripheral sources, creating 12 unique lighting conditions (4 main CCT
levels x 3 peripheral CCT levels). Fig. 5.4 (c) and Fig. 5.4 (d) provide a visual overview of the
setup.

MS - ON & PS - OFF (IsoLux Diagram) MS - ON & PS - ON (IsoLux Diagram)
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Fig. 5.4 (a): Iso-lux diagram (Peripheral Sources-off) Fig. 5.4 (b): Iso-lux diagram (Peripheral Sources-on)
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Fig. 5.4 (c): Set-up of Peripheral Source and Observer  Fig. 5.4 (d): Set-up of Main Source and Object

Table 5.2: Details of Presented Objects

Sl No. oolect oolect Reflectance (%) | Object Dimension | Picture of Object
e Shape Colour
Yellow 24.2 length (cm) 8
Green 16.6 .
1? Width (em) 8 R
Cuboid
B 11.6 Height [cm) 8
Yellow 24.8 .
oo 17.2 Diameter (cm) 8
18.6
Cylindrical
" 10.5 Height (em) 9
Yellow 239 Base Length (em) | 10
Green 15 "
174 Base Width (em) | 10
Prismatic
B 10.8 Height cm) 8
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5.3.2 Participants

The study included ten healthy participants, consisting of six male and four female university
students, all of East Indian origin, with an average age of 22.1 years (SD = 5%). Study inclusion
criteria included right-handedness and normal or corrected-to-normal vision. They were told to
get sufficient sleep and avoid specific light exposure for at least one week prior to the
experiment. Before the experiment, participants were thoroughly told about the questionnaire
and experimental procedure, and written consent was obtained from each. The laboratory's
indoor temperature was maintained at a constant 20°C during the experiment. Participants were
also asked to wash their hair with shampoo to reduce dandruff, which would lower the
resistance between the EEG electrodes and the scalp, allowing for optimal EEG recording.
Ethical approval for this procedure was obtained from the University ethics committee. Fig. 5.5
provides a visual representation of an observer wearing the EEG headgear and special active
shutter glass.

EEG Head Gear

Fig. 5.5: An Observer with EEG Head Set and Special Active Shutter Glass
5.3.3 Experimental Procedure

To set up the experimental bed, luminance values were first measured at each grid point using
a luminance meter, where the grid points are marked on the basis of nadir point’s position.
Once luminance values were collected, contrast values were calculated, and grid points A2 and
A3, which showed the highest positive consecutive contrast values, were selected to enhance
visibility for participants. Selected objects were then randomly placed at these points, unknown
to the subjects, for an object detection task. The experiment recorded four types of data: EEG,
GSR, reaction time (RT), and behavioral data, as described previously. Smart LEDs were
adjusted to the desired CCT values to create specific lighting scenes using an Android app.
Subjects were suited with a 14-channel EEG headset, with saline solution applied to the
electrodes to maintain low inter-electrode impedance (< 20 KQ). They also wore active shutter
glasses and GSR electrodes. EEG signals were recorded wirelessly on a laptop using Emotiv
Pro software. Subjects were told to keep their eyes open for one minute and then close them
for another minute, with events automatically marked at the start and end of each phase in the
laptop. GSR recording started simultaneously with EEG. Participants held the RTMD device
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and were instructed to press a button on it when they identified an object in the lower frontal
vicinity. Each time the special active shutter glasses turned transparent or an object detection
task was initiated, an event was marked as a stimulus onset on the assigned laptop. After setting
up the devices and darkening the active shutter glasses, a random object was placed at either
A2 or A3, and subjects were notified to prepare. When they indicated readiness, a researcher
behind the subject pressed a button on the RTMD device, turning the shutter glasses
transparent, while another researcher marked the event in the EEG recording in assigned
laptop. Participants then had 700 milliseconds to view the lower frontal area and pressed the
RTMD button when they identified the object. Reaction time (RT) was recorded and displayed
on an OLED screen. After each detection, subjects answered a questionnaire, from which the
behavioral data are gathered. Another object was then placed on the remaining selected grid
points, and the process was repeated. Thus, each subject identified two objects randomly
placed at the two selected grid points under each lighting scene, while EEG, GSR, RT, and
behavioral data were continuously recorded. The procedure was repeated for all ten subjects
under twelve different lighting scenes. EEG data were saved in European Data Format (.edf),
GSR data in text files (.txt), and all other data in Excel sheets. Illustrative images are shown in
Figure 5.6 (a) and (b).
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Fig. 5.6 (a): Recorded GSR Data

534 Analysis and Results

EMOTIVPRO ® wx @

Fig. 5.6 (b): EEG Recording is being Taken

This experiment investigates the effect of varying the CCT of main and peripheral smart LED
sources on both visual and non-visual responses of a stationary human subject in a simulated
lab setting. Measurements were taken and evaluations are done based upon EEG, GSR,
reaction time (RT), and behavioral assessments. Following the setup, the experimental
procedure was conducted, and the mentioned data were collected with precise instruments. The
analysis of this data is then conducted using multiple methods, organized into four sections,
with each section dedicated to analyzing a specific data type. These are —

534.1 Reaction Time Data Analysis

As described, reaction time (RT) for object identification by a static observer is measured using
a reaction time measuring compact device (RTMCD v2.0). Each of the twelve lighting

66



conditions was used for two object identification tasks, performed by ten subjects. To simplify,
the RTs for both tasks under the same lighting scene are averaged for each subject, and these
averaged RTs are then averaged across all 10 subjects for that particular lighting scene. Next,
with the main source CCT held constant, the RTs for three different CCT levels of the
peripheral sources are averaged, and these RTs are plotted against the main source CCTs,
shown in Fig. 5.7 (a). A similar graph, shown in Fig. 5.7 (b), plots peripheral source CCT
against averaged RTs, where peripheral CCTs are held constant and RTs are averaged across
four levels of main source CCTs. The results from these graphs show that RT is lowest at a
5000K CCT for the main source when averaging the effects of the peripheral sources.
Similarly, RT is lowest at 6000K for the peripheral sources when averaging the main source’s
effect. Conversely, RT reaches its highest value at 3000K for the main source with the
peripheral effects averaged, and at 4500K for the peripheral sources with the main source
effects averaged. Table 5.3 and Table 5.4 describe the average values of reaction times for
main source, where the effects of peripheral sources are averaged and for peripheral sources,
where the effect of main source is averaged.
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Fig. 5.7 (a) & (b): Average RT vs CCT of Main Source and Average RT vs CCT of Peripheral Sources

Table 5.3: The average values of reaction times for main source, where the effects of peripheral
sources are averaged

_ Peripheral Avg. Spore; of Avg. S_cores V\_/hen
Main CCT each lighting Peripheral is
CCT
scene averaged

3000 0.739

3000 4500 0.856 0.801334
6000 0.809
3000 0.82

4000 4500 0.595 0.66
6000 0.565
3000 0.693

5000 4500 0.67 0.652667
6000 0.595
3000 0.6

6000 4500 0.899 0.660667
6000 0.483
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Table 5.4: The average values of reaction times for peripheral sources, where the effects of main
source is averaged

. Avg. Scores of
Peripheral . . Avg. Scores when
ccT Main CCT each lighting Main is averaged
scene
3000 0.739
3000 4000 0.82 0.713
5000 0.693
6000 0.6
3000 0.856
4500 4000 0.595 0.755
5000 0.67
6000 0.899
3000 0.809
6000 4000 0.565 0.613
5000 0.595
6000 0.483

5.34.2 Behavioral Data Analysis

After each object detection task under a specific lighting scene and object position, a
questionnaire with four questions is given to the observer. These questions fall into two main
categories: subjective and objective, each with distinct evaluation criteria as previously
discussed. Subjective questions use a Likert scale, scoring from ‘0’ to ‘3°, with 2’ and ‘1” as
intermediate values. Objective questions are scored based on three conditions: a “match” earns
‘2’ points, “not-recognized” receives ‘0’ points, and a “mismatch” receives ‘-2’ points. This
no-score or negative score system penalizes lighting scenes with poorer visibility conditions.
After tallying the scores, a final score is assigned to each object position within a lighting
scene. As in the RT analysis, scores for the two object positions are averaged for each subject
under each lighting scene. These averaged scores are further averaged across all 10 subjects,
producing a score for each lighting scene. Then, with the main source CCT held constant,
scores for three different peripheral CCT levels are averaged and plotted against main source
CCTs, as shown in Fig. 5.8 (a). A similar graph is created by holding the peripheral source
CCT constant and averaging the scores across four different main source CCTs, as shown in
Fig. 5.8 (b). These graphs show that the highest average score occurs at 5000K CCT for the
main source with peripheral source effects averaged, and at 6000K for the peripheral sources
with main source effects averaged. Conversely, the lowest average score appears at 3000K
CCT for the main source with averaged peripheral effects, and at 4500K CCT for the peripheral
sources with main source effects averaged. Table 5.5 and Table 5.6 describe the average values
of assigned scores for main source, where the effects of peripheral sources are averaged and
for peripheral sources, where the effect of main source is averaged.

68



3000

3500

Avg. Score (Peripheral Averaged)

.

4000 4500 5000
CCT {Main)

6000

2500

Sources

Avg. Score (Main Averaged)

3000 3500 4000

sources are averaged

4500
CCT (Peripheral)

. Peripheral Avg. Scores Avg. Sqores
Main CCT of each when Peripheral
CCT A .
lighting scene is averaged

3000 5.9

3000 4500 3.9 5.334
6000 6.2
3000 5.2

4000 4500 6.2 6.334
6000 7.6
3000 6.3

5000 4500 6.6 6.567
6000 6.8
3000 6.3

6000 4500 5.8 6.534
6000 7.5

. Avg. Scores Avg. Scores
Peripheral Main CCT of each when Main is
CCT o
lighting scene averaged
3000 5.9
4000 5.2
3000 5000 6.3 5.925
6000 6.3
3000 3.9
4000 6.2
4500 5000 6.6 5.625
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Fig. 5.8 (a) & (b): Average Score vs CCT of Main Source and Average Score vs CCT of Peripheral

Table 5.5: The average values of assigned scores for main source, where the effects of peripheral

Table 5.6: The average values of assigned scores for peripheral sources, where the effects of main
source is averaged



5.3.4.3 GSR Data Analysis

As previously detailed, a custom device was developed in the lab to measure the galvanic skin
response (GSR) of stationary subjects under varying CCT levels of main and peripheral LED
light sources during object identification tasks. This device uses an Arduino Uno
microcontroller with a Seed Studio Grove GSR sensor and a microSD card to record
electrodermal activity from participants. After collecting GSR data from 10 subjects under
each lighting scene, these readings are averaged, and then re-referenced by subtracting the
overall average from each data point. The re-referenced data is plotted against recording time,
and the slope of the trendline is calculated for each of the 12 lighting scenes. For analysis, the
slopes corresponding to three different CCT levels of the peripheral sources (while holding the
main source CCT constant) are root mean squared (RMS) and plotted against the main source
CCTs, as shown in Fig. 5.9 (a). Similarly, another graph is created by holding the peripheral
source CCT constant and plotting the RMS slopes for four main source CCT levels, shown in
Fig. 5.9 (b). The RMS approach, rather than a simple average, is used to manage the presence
of negative trendline slopes across scenes. These graphs indicate that anxiety, excitement,
stress levels, and physiological arousal are lowest at 5000K CCT for the main source when
averaging the effects of peripheral sources, and at 6000K CCT for the peripheral sources when
averaging main source effects. Conversely, these responses are highest at 3000K CCT for the
main source with averaged peripheral effects, and at 3000K and 4500K CCT for the peripheral
sources with averaged main source effects. For reference, the slope of a GSR trendline
represents the rate of skin conductance change, correlating with physiological arousal levels.
A steeper slope indicates a faster rise in conductance, signaling increased emotional or
sympathetic nervous system activity, often linked to heightened states such as stress,
excitement, or anxiety. A gentler slope reflects a slower change in conductance, suggesting
reduced arousal or a more relaxed state [127]. Table 5.7 and Table 5.8 describe the average
values of RMS (root mean square) slopes for main source, where the effects of peripheral
sources are averaged and for peripheral sources, where the effect of main source is averaged.
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Table 5.7: The average values of RMS (root mean square) slopes for main source, where the effects of
peripheral sources are averaged

Table 5.8: The average values of RMS (root mean square) slopes for peripheral sources, where the
effect of main source is averaged

Main Source CCT RMS Slope
3000 0.098895298
4000 0.03140743
5000 0.028515551
6000 0.029995833

Peripheral CCT RMS Slope
3000 0.071126648
4500 0.068982848
6000 0.051594186

5.3.4.3 EEG Data Analysis

As previously mentioned, an Emotiv Epoc X EEG recording device was used in this study to
monitor the temporal brain activity of stationary human observers during object identification
tasks under varying CCTs of main and peripheral light sources. This device, equipped with 14
channels, wirelessly records data via a dedicated laptop with Emotiv Pro software installed. It
employs an MNI coordinate file for the BEM dipfit model, a validated 10-20 montage for
channel locations, with a 2D head model for channel visualization shown in Fig. 5.10.

Fig. 5.10: A 2D Head Model for Channel Visualization
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The recorded EEG data is analyzed using EEGLAB, a widely-used, open-source MATLAB
toolbox for EEG data processing and analysis. EEGLAB provides both a graphical user
interface (GUI) and command-line functionalities, allowing researchers to import, visualize,
and analyze EEG signals through operations like data filtering, artifact removal, and
independent component analysis (ICA). ICA helps separate brain signals from artifacts such
as eye movements and muscle activity, enhancing data quality and enabling identification of
independent neural components and brain networks, making EEGLAB a good choice for
neuroscience and cognitive analysis [128-129]. The recorded data are preprocessed using this
toolbox. First, the data is filtered with a basic bandpass FIR filter ranging from 0.5 Hz to 60
Hz, then the baseline and any DC offset of the data is removed. The data is then re-referenced
using a computation of average reference. Event epochs are extracted, spanning from 2 seconds
before to 2 seconds after stimulus onset. The study includes three types of epoch data for each
of the 10 subjects: eyes closed, eyes open, and object identification conditions across 12
lighting scenes. Two EEGLAB studies are created for each condition: one with the main source
constant and peripheral sources averaged, and the other with peripheral sources constant and
main sources averaged. Independent component analysis is conducted for each of the 12
lighting conditions in these mentioned studies. Moreover, another two studies are created for
eyes closed condition and eyes opened condition. From these analyses, event-related potentials
(ERPs), relative logarithmic spectral powers, and ERP scalp maps are derived for each study.
ERP data is plotted over time from -500 ms before to 1000 ms after stimulus onset, and relative
spectral power is plotted against frequency from 0.5 Hz to 60 Hz. Plots of ERPs, spectral
powers, and ERP scalp maps for the eyes closed and open conditions are shown in Figs. 5.11
(@), 5.11 (b), 5.11 (¢), Fig. 5.12 (a), 5.12 (b), and 5.12 (c). Various features were then extracted
using MATLAB codes (given in Annexture 1), including the area under the curve (AUC),
baseline shift (slow drift or variation in the signal's baseline level), half peak width (the
duration between the points on the signal where the amplitude is half of its maximum peak
value), mean amplitude, peak amplitude and peak latency (time interval between the stimulus
onset and the occurrence of the maximum peak amplitude) from the ERP plots. From the
spectral power plots, features like low-to-high frequency power ratio, relative power of Alpha
(8-13 Hz), Beta (13-30 Hz), Delta (0.5-4 Hz), Theta (4-8 Hz), and Gamma (30+ Hz) waves,
spectral centroids (frequency at which the center of mass of the spectrum is located, indicating
where most of the signal's power is concentrated), and mean power were extracted. The graphs
for conditions with a constant main source are presented in Fig. 5.13 (a) through 5.13 (j), and
those with a constant peripheral source are in Fig. 5.14 (a) through 5.14 (j). Scalp maps with
the main source held constant are shown in Fig. 5.15, and those with the peripheral source
constant in Fig. 5.16. For context, EEG signals fall into five frequency bands: delta, theta,
alpha, beta, and gamma. Delta waves (0.5 - 4 Hz) dominate during deep sleep, theta waves (4
- 8 Hz) are seen in certain sleep stages and calm focus states, alpha waves (8 - 13 Hz) appear
during relaxation, beta waves (13 - 30 Hz) are associated with normal waking consciousness
and mental activity, and gamma waves (above 30 Hz) reflect heightened response to visual
stimuli [130].
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These graphs and plots suggest that in the second ERP plot (eyes open condition), the P300 wave is
more pronounced, indicating greater cognitive processing compared to the eyes closed condition.
This is expected, as the P300 wave, a positive deflection around 300-400 milliseconds post-stimulus,
is associated with attention and cognitive processing. Additionally, early components like N100 and
P200 (negative and positive deflections around 100-200 milliseconds) reflect sensory processing
and show slight differences in amplitude and latency between the two ERP plots. In the relative log
spectral power plots, the alpha band shows higher power, and the beta band is slightly lower in the
eyes closed condition compared to eyes open, which aligns with the study design. A spike at 50 Hz
appears in both plots, likely due to power line interference. Furthermore, the scalp maps reveal that
in the eyes closed condition, the occipital region is more negatively charged, while the frontal and
temporal regions are more positively charged compared to eyes open. In contrast, the parietal region
is more negatively charged in the eyes open condition.
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Fig. 5.13 (a), (b), (¢), (d), (e), (f): AUC, Baseline Shift, Half-peak Width, Mean Amplitude, Peak
Amplitude and Peak Latency vs CCT of Main source plots, where Effect of Peripheral Sources are
Averaged

The area under the curve (AUC) in an ERP plot reflects the brain's overall response to a stimulus,
capturing both the magnitude and duration of neural activity. A larger AUC suggests more
prolonged or intensive neural engagement, whereas a smaller AUC may indicate quicker or
reduced involvement in cognitive processing. As seen in Fig. 5.13 (a), the AUC is smallest
(absolute value) at 6000K CCT and close to this at S000K CCT for the main source with averaged
peripheral source effects, suggesting less neural engagement or quicker cognitive resolution. A
baseline shift in an ERP plot, meanwhile, shows changes in electrical potential before the stimulus,
hinting at possible recording drift, which may result from electrode impedance, muscle artifacts,
or slow-wave brain activity. Ideally, the baseline should be stable and near zero for clear
interpretation (it provides a reference) of ERP components. In Fig. 5.13 (b), the baseline shift
across all four CCT levels of the main source is close to zero, indicating good data quality. The
half peak width (full-width at half maximum or FWHM) in an ERP plot represents the duration of
neural response at half of the peak amplitude, with a wider width suggesting extended neural
processing and a narrower width indicating faster response. Fig. 5.13 (c) shows that the half peak
width is lowest at 5000K CCT of the main source with averaged peripheral sources, indicating
faster response. Mean amplitude reflects the average strength of neural responses over a specific
period and is used to assess overall brain response. It is useful in analyzing brain activity because
it smooths out any short-lived peaks or noise and gives a better sense of the overall brain response
to a stimulus. Fig. 5.13 (d) indicates the lowest mean amplitude at SO00K CCT and second lowest
at 6000K CCT of the main source with averaged peripheral sources. Peak amplitude, which reflects
brief, high-intensity responses (e.g., the P300 component), is lowest at 6000K CCT and second
lowest at 5000K CCT for the main source, as seen in Fig. 5.13 (e). Lastly, peak latency, the time
to reach maximum amplitude after stimulus onset, reflects neural processing speed, with shorter
latencies showing quicker cognitive responses. Longer latencies can suggest delays in cognitive
processing due to task complexity or neurological conditions. Fig. 5.13 (f) shows the lowest peak
latency at 6000K CCT and close to this at 5S000K CCT of the main source, with averaged peripheral

source effects.
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Fig. 5.13 (g), (h), (i), (j): Low Frequency to High Frequency Power Ratio, Relative Power (dB) of
Beta, Gamma, Delta, Theta and Alpha Frequency Band, Spectral Centroid and Mean Power (dB) vs
CCT of Main source Plots, where the Effect of Peripheral Sources are Averaged.

The low-frequency to high-frequency power ratio in EEG reflects the balance between slower and
faster brain wave activity. A higher ratio indicates a dominance of low-frequency waves, which
are typically associated with relaxation or drowsiness, whereas a lower ratio suggests increased
cognitive activity or stress. Fig. 5.13 (g) shows that the low-to-high frequency power ratio is
highest at 4000K CCT and closely followed by 5000K CCT of the main source. In Fig. 5.13 (h)
and Fig. 5.13 (i), we observe that the relative power of the alpha and gamma bands is highest, with
the beta band showing the second-highest power at S000K CCT for the main source, when the
effects of peripheral sources are averaged. Additionally, the spectral centroid represents the "center
of mass" for frequency distribution, pointing to where most of the signal's power is concentrated.
Alower spectral centroid implies dominance of lower frequencies, linked to relaxed states or sleep,
while a higher centroid is associated with active thinking or alertness. Fig. 5.13 (j) shows that the
spectral centroid is lowest for the S000K CCT of the main source, with averaged peripheral source
effects. Finally, mean power reflects the average power across all frequencies, with higher values
indicating overall heightened brain activity and lower values suggesting a more relaxed state. In
the same plot, we see that at S000K CCT of the main source, where peripheral source effects are
averaged, mean power is at its lowest.
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Fig. 5.14 (a), (b), (c), (d), (e), (f): AUC, Baseline Shift, Half-peak Width, Mean Amplitude, Peak
Amplitude and Peak Latency vs CCT of Peripheral source plots, where Effect of Main Source is
Averaged

In Fig. 5.14 (a), the smallest AUC value occurs at 4500K CCT, with the second smallest at 6000K
CCT of the peripheral sources, when the main source effect is averaged. Fig. 5.14 (b) shows that
baseline shifts for all three CCT levels of the peripheral sources are close to zero, indicating high
data quality. Additionally, Fig. 5.14 (c) reveals that the half-peak width is lowest at 6000K CCT
for the peripheral sources with the main source effect averaged. Fig. 5.14 (d) indicates that the
mean amplitude reaches its lowest (absolute) value at 4500K CCT of the peripheral sources under
averaged main source conditions. In Fig. 5.14 (e) and Fig. 5.14 (f), the lowest peak amplitude and
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peak latency are observed at 4500K CCT, while the highest values occur at 6000K CCT of the
peripheral sources, with the main source effect averaged.

LF/HF Power Ratio vs. CCT (Peripheral) Relative Band Power vs. CCT
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Fig. 5.14 (g), (h), (i), (j): Low Frequency to High Frequency Power Ratio, Relative Power (dB) of
Beta, Gamma, Delta, Theta and Alpha Frequency Band, Spectral Centroid and Mean Power (dB) vs
CCT of Peripheral source Plots, where the Effect of Main Source is Averaged.

The plots in Fig. 5.14 (g) and 5.14 (j) show that the low-frequency to high-frequency power ratio
is highest, the frequency representing the spectral centroid is lowest, and the mean power of the
relative logarithmic spectral power plot is lowest at 4500K CCT of the peripheral sources.
Additionally, Fig. 5.14 (h) and 5.14 (i) indicate that the relative power of the beta, gamma, and
alpha frequency bands is lowest at 6000K CCT and highest at 4500K CCT of the peripheral
sources, with the effect of the main source averaged. Table 5.9 and Table 5.10 describe the values
of various features, extracted from ERP plot and relative log power spectral plot, for main source,
where the effects of peripheral sources are averaged. Table 5.11 and Table 5.12 describe the values
of various features, extracted from ERP plot and relative log power spectral plot, for peripheral
sources, where the effect of main source is averaged.
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peripheral sources are averaged

Lighting Peak Peak Half-Peak | 5. celine Mean
. - Latency AUC Width . .
Scene (main) | Amplitude Shift Amplitude
(samples) (samples)
3000 1.180307 937.5 267.3765 796.875 -0.07912 | 0.38109377
4000 1.33495 687.5 314.3431 562.5 0.041633 | 0.44484408
5000 0.488977 | 390.625 | -173.709 546.875 -0.02341 | -0.2484663
6000 0.205805 | 234.375 | -50.1299 976.5625 -0.02635 | -0.0714065

Table 5.9: Values of various features, extracted from ERP plot, for main source, where the effects of

Table 5.10: Values of various features, extracted from relative log power spectral plot, for main
source, where the effects of peripheral sources are averaged

CCT of Relative | Relative | Relative | Relative | Relative | Spectral LF/HF Mean
Lighting Delta Theta Alpha Beta Gamma | Centroid Power Power
Scene (K) Power Power Power Power Power (Hz2) Ratio (dB)
3000 0.092123 | 0.085885 | 0.102871 | 0.330769 | 0.31556 | 23.85675 | 0.583654 | 23.6202
4000 0.09374 | 0.087234 | 0.103437 | 0.333388 | 0.315318 | 23.58899 | 0.593726 | 23.63073
5000 0.093899 | 0.088336 | 0.103429 | 0.332199 | 0.318317 | 23.51051 | 0.592693 | 22.21616
6000 0.092582 | 0.087256 | 0.102554 | 0.330264 | 0.317898 | 23.77345 | 0.58564 | 23.50143

Table 5.11: Values of various features, extracted from ERP plot, for peripheral sources, where the
effect of main source is averaged

Lighting Scene Peak Peak Half-Peak | b celine Mean
- . Latency AUC Width . .
(Peripheral) Amplitude Shift Amplitude
(samples) (samples)
3000 0.56293964 | 382.8125 | -266.265 906.25 -0.03409 | -0.381519183
4500 0.45112041 | 234.375 | -10.3358 | 320.3125 | 0.012257 | -0.015661563
6000 1.0171077 | 703.125 | 272.6611 | 289.0625 | 0.015017 | 0.385424284

Table 5.12: Values of various features, extracted from relative log power spectral plot, for peripheral
sources, where the effect of main source is averaged

CCT of Relative Relative Relative Relative Relative Spectral LF/HF Mean
Lighting Delta Theta Alpha Beta Gamma Centroid Power Power
Scene (K) Power Power Power Power Power (Hz) Ratio (dB)
3000 0.0928705 | 0.08740011 | 0.1037797 | 0.3319048 | 0.3155998 | 23.649465 | 0.5912581 | 22.843734
4500 0.0944978 | 0.08826572 | 0.1045327 | 0.3372334 | 0.3175545 | 23.2588 | 0.5953482 | 21.856721
6000 0.09226424 | 0.08607593 | 0.1013891 | 0.327574 | 0.3169798 | 24.022856 | 0.5824286 | 24.737333
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5.3.5 Discussion

This experimentation explored the visual, non-visual, and behavioral effects of varying
correlated color temperature (CCT) of main and peripheral LED light sources on the object
recognition abilities of static human observers. Various analysis methods are applied, including
reaction time (RT) analysis, behavioral studies, galvanic skin response (GSR), and most
importantly, temporal processing analysis of the brain using EEG recordings. As previously
noted, no prior studies have examined the correlations between these types of analyses under
varying CCT conditions, which makes establishing these connections the main agenda of this
research. Additionally, the study proposes a metric to assess how lighting environments can be
optimized for human-centric purposes. The analysis of RT, behavioral, and GSR data reveals
that optimal results occur with a 5000K CCT for the main light source, with lower performance
at lower CCTs (such as 3000K), where impact of peripheral lighting is generally averaged.
However, at a main source CCT of 6000K with averaged effect of peripheral sources, these
parameters decline again. Interestingly, when the peripheral source is set at 6000K CCT and
the main source effect is averaged, these metrics reach their best values, while lower CCTs
(around 3000K) again show degraded outcomes. This indicates that increasing CCT alone does
not necessarily enhance human-centered outcomes, a conclusion also supported by the
nonlinear patterns in the data. However, it appears that CCT values around 5000K are
beneficial for object recognition tasks. In the EEG analysis, optimal values for measures like
area under the curve (AUC), half-peak width, mean amplitude, peak amplitude, and latency
are observed at 5000K CCT for the main source and degrade for CCT values below or above
5000K, with averaged effects from peripheral sources. Similar optimal outcomes are seen for
the power ratio of low to high frequencies, relative power of various EEG frequency bands,
spectral centroid, and mean power of the logarithmic spectral power curves, all supporting
5000K CCT for the main source whilst the effect of peripheral sources is averaged. This finding
aligns closely with the RT, behavioral, and GSR results. When the main source's effect is
averaged, the optimal CCT for the peripheral source falls around 4500K, where only the ERP
plot’s half-peak width indicating 6000K CCT of peripheral sources as optimal. These findings
suggest that a CCT range of 4500K to 5000K for both main and peripheral sources is optimal
for accurate object recognition, though reaction time, behavioral, and GSR results also indicate
that 6000K CCT is beneficial for the peripheral source, with 5000K showing similar results.
However, rapid CCT changes are impractical in high-traffic environments, reinforcing the
4500K to 5000K range as ideal. Additionally, comparisons of spectral power distributions
across CCTs, such as 3000K, 4000K, 5000K, and 6000K based upon the outcome of the study,
reveal that excess blue or red components in LED sources can impair object recognition.
Moreover, the low-to-high frequency power ratio in the EEG's relative logarithmic spectral
power can serve as an effective metric to find the degree of human centrism of a lighting scene,
as the low frequency to high frequency power ratio (LF/HF) ratio’s trend across varying CCTs
aligns well with other studies on object detection capabilities. This LF/HF metric could
therefore support future human-centric lighting designs.

5.3.6 Conclusion

With the arrival of groundbreaking innovations in illumination engineering, significant
advancements have transformed road lighting design. The primary focus has shifted from
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traditional illuminance-based metrics to luminance-based ones, enabling lighting systems that
better suit human needs. This shift reflects the broader trend toward human-centered lighting
design, with substantial research into optimizing street lighting for both safety and comfort.
Studies on human-centric lighting and street lighting optimization have paved the way for new
technological advancements and theoretical frameworks. Building on this foundation, the
current study explores the visual, non-visual, and behavioral impacts of varying correlated
color temperatures (CCTs) in main and peripheral LED light sources, specifically focusing on
how these variations influence static human observers' object recognition capabilities. To
achieve this, two specialized devices were developed in the Illumination Engineering
Laboratory at Jadavpur University: a reaction time measuring compact device (RTMCD) and
a galvanic skin response (GSR) measuring device. Additionally, behavioral studies
complemented these measures. Most importantly, electroencephalography (EEG) was used to
record participants’ brain activity, offering insight into the brain’s temporal processing of
object recognition tasks under different CCT conditions. This study made a concentrated effort
to correlate findings from RT, GSR, behavioral studies, and EEG data. Experimental results
indicate that a CCT range of 4500K to 5000K for both main and peripheral LED light sources
is optimal for accurate object recognition. Findings also show that excess blue or red-light
content in LEDs may hinder object recognition, slowing reaction times. Furthermore, the low-
to-high frequency power ratio in the EEG’s relative logarithmic spectral power plot emerged
as a promising metric for assessing how “human-centric” a lighting setup is. Together, these
tools demonstrate the value of EEG and GSR-based approaches for evaluating human
performance in different lighting conditions. While this study provides foundational insights,
it highlights the need for broader research involving a wider range of CCTs for both main and
peripheral sources, along with a larger participant sample, to draw more generalized
conclusions. By establishing these methods, this research offers a novel approach and serves
as a stepping stone toward more comprehensive studies in human-centered lighting design.
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Chapter 6: LED Dimming: An Approach towards Energy
Conservation and Sustainability

6.1 Introduction

aylight is one of the most efficient and preferred sources of lighting but is not consistently
D available throughout the day, so the world depends heavily on artificial lighting, typically

powered by electricity. Producing electricity is costly and often involves complete or
incomplete coal or petroleum burning, which increases the amount of carbon dioxide in climate
and expedites climate change and global warming. To address this, governments and local official
bodies are working to create low-emission power systems and reduce electricity demand. Lighting
(indoor and outdoor) alone accounts for about 19% of global electricity consumption, where
public lighting, majorly street lighting accounts for 2.3% of worldwide power usage [131-132].
Among various types of lighting in indoor and outdoor lighting, street lighting is typically one of
the largest electricity or energy consumer, account for up to 40% electricity consumption in
municipalities [133]. Street lighting is also a major energy-consuming public service in India,
with around 78 million street lights illuminating roads as of FY2019 [1]. Data shows that street
lighting uses 1-3% of India’s electricity production (about 8,478 GWh in FY13) for a single
municipality, where maintenance can account for 10-15% of municipal budgets. Studies indicate
that efficient lighting designs could reduce this energy use by 25-60% [2-3]. Most street lights
still use outdated technology, including fluorescent, metal halide, sodium vapor, incandescent, or
CFL lamps. Additionally, street lights often remain on during the day or in low-traffic night hours,
leading to considerable energy wastage. With Nakamura’s invention of high luminance GaN based
LED in 1993, light emitting diodes’ compatibility, controllability, durability, and performance
have increased dramatically every day. LEDs have become widespread in the lighting industry
due to their high spectral power density, quick start-up, and versatile control options compared to
other street lighting solutions like HPSV and LPSV, indicative picture of LED market growth is
given in Fig. 6.1. LEDs are more energy-efficient, longer-lasting, easier to control, consume less
power, have a lower carbon footprint, and are cheaper to operate [9]. With LEDs in street lighting,
a new era of smart street lighting has begun. This system reduces manual control, minimizes
energy consumption by scheduling LED operation times, and allows for control over lighting
parameters like brightness, color temperature, and beam angle. One such energy reduction
techniques for LEDs is dimming, where the light output, brightness and electrical energy
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consumption can be controlled and varied. There exist two types of dimming techniques for
constant current LED drivers. One is analog dimming or constant current reduction (CCR) and
the other is digital dimming or pulse width modulation (PWM) [134].

Global LED Lighting Market

Market forecast to grow at a CAGR of 9.1%

UsD 109,661 Million

USD 70,949 Million

2022 2027

Fig. 6.1: World LED Market Growth in USD

Research has shown that PWM dimming is one of the most effective methods for LED dimming.
This technique adjusts the LED’s light output by supplying it with a pulsed DC current with a
variable duty cycle. Furthermore, in CCR type dimming current, which is continuously flowing,
is reduced to decrease light output of the light source. Additionally, PWM dimming, commonly
used, prevents excessive increases in the LED’s junction temperature, which helps to extend the
LED’s lifespan [25-31]. Besides, another energy reduction technique for LED street lighting was
first introduced by Suddhasatwa Chakraborty et. al. and is named as Beam Angle Switching
(BAS) method. In this method, lens of a particular LED strip inside the street LED luminaire are
fixed in such a way that by using proper control gear, direction of outgoing beam can be altered
in a pre-fixed path by turning the LED strips on or off inside the luminaire [32]. In this chapter,
two experimentations are done to find out the effectiveness and validity of BAS method and to
analyze whether PWM dimming and BAS method can be amalgamated. Besides, another case
study is also done in streets of Jadavpur University, to check the energy saving potential of BAS
method in real scenario.

6.2 Dimming Methods

As discussed in the introduction part that controlling or reducing the amount of light coming out
from a light source is called dimming. Dimming can reduce huge amount of electrical energy
consumption by LED light sources. For constant current drivers, there exist two types of dimming
technique, which are analog dimming or CCR dimming and PWM dimming or digital dimming.
Besides, a new technique has emerged for energy reduction, which is called BAS method.
Descriptions about them are given below —
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6.2.1 CCR Dimming

Constant Current Reduction (CCR), also known as analog dimming, controls LED brightness
by reducing the steady current supplied to the LED, resulting in a smooth and flicker-free
dimming experience. Unlike PWM, which switches the LED on and off rapidly, CCR reduces
the current directly, making it ideal for settings that need minimal electromagnetic interference
and simpler circuit design, as it does not involve high-speed switching. CCR is effective for
installations with long wire runs, as it avoids the EMI and voltage-drop issues associated with
PWM. However, the primary drawback of CCR is its potential to affect the LED’s color
temperature and efficiency at lower currents, as LEDs may shift in color when not operating
at full power. This makes CCR less suited for applications requiring precise color stability
across dimming levels. Despite these limitations, CCR is often used in environments with strict
EMI requirements or where high switching frequencies would cause signal distortion or
performance issues, like in medical, industrial, or high-motion environments [26,134]. For the
before-said reason, use of this particular method is rejected for street lighting implementation
as this kind of lights must maintain a constant spectral power distribution, which can affect
object recognition on street and efficiency and moods of the drivers, at any cost. A picture is
given in Fig. 6.2, where an example of a LED is given with approximately 25% of rated light
output using CCR method.

CCR Power Supply
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Fig. 6.2: CCR Dimming Method with 25% LED Brightness
6.2.2 PWM Dimming

Pulse-width modulation (PWM) dimming is a highly effective process for controlling LED
brightness by switching the LED on and off at a high frequency. This creates a series of pulses,
where the brightness level depends on the "duty cycle" (D) or the ratio of on-time to time
period within each cycle. For example, at a 50% duty cycle, the LED is on half the time (50%
of the time), producing about half its maximum brightness. PWM maintains a constant,
generally rated, current level during each on period, which prevents shifts in the LED's color
and efficiency, unlike other dimming techniques where brightness is achieved by lowering the
current. PWM's rapid switching efficiently keeps the LED operation at peak, ensuring stable
color temperature and brightness, crucial in applications that require color accuracy, such as
displays, street lights or color-mixing systems. However, due to its high switching frequency,
PWM can introduce electromagnetic interference (EMI) in sensitive environments, such as
medical or industrial settings. Additionally, achieving flicker-free low brightness with PWM
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requires a high frequency, typically over 200 Hz, to avoid visible flicker and stroboscopic
effects. A graphical representation of PWM dimming is given in Fig. 6.3, where the duty cycle
is set to 25% with 25% light output of LED [26,31,134].

PWM Power Supply
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Fig. 6.3: PWM Dimming Method with 25% LED brightness

Here, Duty Cycle, D = % =0.25

Where, T = on-time of the given signal
T = Time period of the given signal

6.2.3 BAS Method

The Beam Angle Switching (BAS) technique provides an alternative to traditional dimming for
LED street lighting by enabling control over the beam angle to achieve various luminance
levels from a single luminaire. First introduced by Dr. Suddhasatwa Chakraborty and
colleagues, BAS adjusts the direction of light output by configuring LED strip lenses within
the luminaire. This is achieved through a control system that turns specific LED strips on or
off to direct the beam along a preset path, effectively reducing energy consumption. BAS
operates in three lighting modes: "FULL GLOW," "PRO," and "COUNTER." In the "FULL
GLOW'" mode, all LED clusters are illuminated, providing maximum brightness. The "PRO"
mode activates a single LED array directed along the flow of traffic, producing approximately
one-third of the full brightness, thus conserving energy. Conversely, the "COUNTER" mode
also uses a single array but directs the light against the flow of traffic. These adjustable lighting
states allow the same luminaire to deliver varying brightness levels, optimizing energy use
based on lighting needs [32]. A pictorial description of BAS method is given in Fig. 6.4.

®® O e e (N N o
LED OFF
@ @ O e e L N N
PRO COUNTER FULL-GLOW

Direction of Traffic

Fig. 6.4: BAS Method (each rectangle represents a single street light luminaire)
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6.3 Validation of BAS Method Using a Novel Device

In 1993, Nakamura’s invention of high-luminance GaN (Gallium Nitride)-based LEDs marked
a turning point for LEDs, enhancing their compatibility, controllability, durability, and
performance at a rapid pace. As semiconductor and packaging technology progressed, LED
lifespan, light efficiency, and other photometric qualities also significantly improved [135].
Traditional sources of illumination like incandescent, high-intensity discharge, and fluorescent
lamps are being replaced by LED lighting, which has higher energy efficiency, superior
controllability, and longer lifespan. LEDs outperform older light sources in photometric
parameters like CCT, CRI, illuminance at work plane, and luminous efficacy. This shift has made
it essential to find effective ways to evaluate all of its characteristics. In India, LEDs have started
replacing outdated lighting in government buildings, factories, streets, and homes. Despite these
efforts, old lighting still consumes about 40% of urban electricity due to widespread use [136-
138]. Street lighting in particular requires an urgent update to support road safety, as proper
lighting can reduce night-time crime by 20% and nocturnal traffic accidents by 19% [4-5]. To
meet these goals, the government is accelerating LED retrofitting for economic and
transportation benefits. For this to be effective, maintaining consistent LED light output is
essential. One reliable method is measuring the lumen maintenance factor using accelerated life
testing (ALT)[139-141], as outlined in Indian standard 1S:16102 (Part 11): 2017. This approach
calculates two main factors: LED lifespan (Lx) and the failure fraction at rated life (Fy). Here, Lx
denotes the time period for which an LED lamp maintains a specified luminance level during
standardized testing, while Fy represents the percentage of the same type of LED lamps failing
at rated lifespan. Lumen maintenance is another key factor, showing the ratio of LED light output
at a particular time to its initial luminance under specific conditions [142]. With these
considerations in mind, a low-cost prototype device with remote communication capability
(based on a low-powered wide-area network, or LoRa) was developed at the Illumination
Engineering Laboratory of Jadavpur University. This system includes built-in memory to store
photometric data and other measurements taken by sensors installed within a small, precisely
crafted integrating sphere with internal temperature control. Additionally, a case study was
conducted to verify the system’s flawless operation. Through this case study, a dimming
technique called beam angle switching, developed by Dr. Suddhasatwa Chakraborty in the same
laboratory [32], was validated using a timed switching method designed for Indian road lighting.
The study found that implementing this method does not significantly decrease LED light output,
nor does it cause drastic changes in junction temperature.

6.3.1 LED Life Test

As previously mentioned, the ALT method is a primary approach for estimating an LED’s
operational lifetime, and it is endorsed by the Indian standard 1S:16102 (Part 11): 2017 [142].
The prerequisites for this assessment are outlined in another standard, ANSI/IES LM-80-08,
which provides guidelines for assessing lumen maintenance of LED light sources. This
standard specifies that the test must be conducted at three junction temperatures namely 55
°C, 85 °C, and a third temperature chosen by the manufactures, where it requires data
collection over a minimum of 6,000 hours with recording intervals of at least 1,000 hours. The
test LED must be operated at constant current and rated voltage, with all photometric data
recorded at room temperature. Key metrics include lumen maintenance, chromaticity,
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catastrophic failures, and data reporting procedures [143]. As a follow-up to LM-80-08, the
TM-21-11 standard was developed, allowing LM-80 data to be extrapolated beyond the test
duration. This is essential for estimating L70 data (the point at which brightness falls to 70%
of its initial value) over timelines of 25,000 to 35,000 hours, as recommended by the EPA
ENERGY STAR® Luminaire Guide. Many customers seek ENERGY STAR or
DESIGNLIGHTS CONSORTIUM certification for their light sources, so TM-21-11 is
referenced in both guides for qualification [144]. Researchers worldwide have conducted
experiments to improve LED testing methods. One study aimed to create a low-cost testing
device with remote connectivity through the internet for data acquisition, specifically for street
lighting applications [145]. Another study developed a way to record data continuously while
the testing device operates, avoiding the need to stop the device for data collection as in
conventional methods. This was achieved by using a highly durable optical fiber to transfer
light emitted from the test LED from high temperature test chamber to room temperature,
enabling real-time monitoring of optical properties without risking the used sensors from
overheating [146]. Another study distinguishes LED life and LED system life and described
a proper on-off method to determine LED system life, which is more important as the LED
package comes with other systems incorporated with alongside LED light source [146].
Considering all these insights, our device was designed with two distinct components that
interact via an LPWAN-based LoRa communication module. The measurement unit, which
is a small integrating sphere, is equipped to accommodate both the mounting of an entire LED
system and individual LED packages, allowing for versatile testing configurations.
Additionally, a case study was conducted using this device to validate a specific LED dimming
technique known as beam angle switching. This study provided an opportunity to confirm the
functionality and effectiveness of the dimming method within real-world testing conditions.

6.3.2 System Description

The developed prototype system comprises two distinct parts. One part is designated as the
Measuring Sphere (MS), and the other as the User Interface cum Storage Device (UISD). This
system components bi-directionally communicate between them using a low-power wide-area
network (LPWAN) or LoRa 02 module. Each part is equipped with its own microcontroller,
which is implemented using an Arduino Uno Rev3. Additionally, two primary sensors are
integrated within the sphere. The first sensor is an illuminance sensor, the BH1750 FVI,
mounted at the base of the sphere, and the second is a temperature and humidity sensor, the
DHT11, which should be attached to the base of the LED bulb during testing. The control
circuit of the MS, containing the microcontroller and the LoRa 02 module, is installed on the
external wall of the sphere. All sensors and the control circuit are safeguarded with heat-
resistant tape and enclosed in a transparent box. The test LED light is positioned at the center
of the sphere, supported by a thin steel rod positioned at the center of the upper dome within
the sphere. The inside of the MS device is coated with a white mixture of barium sulfate and
magnesium oxide, offering 82% reflectance. This coating diffuses the light from the LED
through multiple scattering reflections, ensuring uniform light distribution across all points
within the sphere, which eliminates spatial information from the light output, thereby
providing an accurate measurement of total luminous irradiance or power emitted from the
source. The exterior of the sphere is painted white with plain white paint. The MS device
includes three dedicated openings for hot air circulation, internal temperature control, and
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power supply, which can be sealed post-connection for proper isolation. Based on findings
from one study [32], the system allows for switching the LED light on and off, with
customizable on/off durations set by the device user. Alternatively, the LED can be set to a
continuous on mode. Power can be supplied in either AC or DC. A pictorial representation of
the MS device is shown in Fig. 6.5 (a). The control circuit of the UISD includes the same
Arduino Uno Rev3 microcontroller, a low-cost, highly accurate real-time clock module
(DS3231) for timestamping the data, a microSD adapter for data storage, and the LPWAN-
based LoRa 02 communication module for interaction with the MS device. It has been
observed that the devices communicate seamlessly over a distance of 500 meters with no time
lag. The UISD device is illustrated in Fig. 6.5 (b). For a comprehensive understanding of the
system, block diagrams and flow charts have been developed for both the MS and UISD.
These are provided in Fig. 6.6 (a) and (b) and Fig. 6.7 (a) and (b), respectively. Both the used
codes is given in Annexture 1.

Fig. 6.5 (a) & (b): Measuring Sphere (MS) & User Interface cum Storage Device (UISD)

LoRa 02 LeRa 02

Temperature ‘
12V Relay Arduino UNO and Humidity MicrosD Arduine UNO Real Time Clock
Sensor Adapter

[ o | Huminance MicroSD \
Sensor )
Card

Fig. 6.6 (a) & (b): Block Diagram of MS and UISD
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6.3.3 Hardware Implementation

As discussed in the previous section, this device consists of two main components: the MS,
which measures all photometric and ambient data, and the UISD, which tags this data with
accurate date and time stamps and stores it on a microSD card. The MS device is designed to
operate with both 240V, 50Hz AC, and 110V DC power supplies. The microcontroller and
sensors within it operate on 5V TTL logic and are powered by a 9V, 2A DC adapter, with
sensors directly connected to the microcontroller. However, the LPWAN-based LoRa02
module operates on 3.3V TTL logic, which is converted from the microcontroller’s 5V TTL
logic using logic level shifters. The UISD also uses the same type of logic level shifters for
the LoRa02 module, while other devices, namely microSD card adapter and real time clock
module, connected to the microcontroller operate with 5V TTL logic, similar to the MS
device. The UISD’s power supply requirements are identical to those of the MS device.
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Fig. 6.7 (a) & (b): Flow Chart of MS and UISD
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6.3.4 Validation of BAS Method

As discussed previously, a small-scale case study was performed to assess the effect of a novel
dimming technique, termed beam angle switching (BAS), on the light output of an LED strip,
as well as to evaluate the functionality of the newly developed system. In the BAS method,
the beam of the luminaire is adjusted to deliver three distinct lighting modes. Specifically, this
dimming technique uses LED luminaires that contain three separate LED arrays, each
equipped with lenses mounted on individual LED chips to create three dedicated beam angles
for three arrays. The luminaires are designed to allow each beam to be turned on or off through
an appropriate lighting control system. The luminaire beam control operates in three stages
based on street traffic density and other road factors: "FULL GLOW" beam control, "PRO"
beam control, and "COUNTER" beam control. Under the "FULL GLOW" setting, all LED
arrays light up, producing maximum output. The "PRO" mode activates a single LED array
directed toward the traffic flow, reducing light intensity to around one-third of the "FULL
GLOW" output and saving energy accordingly. Similarly, the "COUNTER" mode directs the
beam opposite to traffic, following the same dimming pattern as "PRO." This "shadow and
light" pattern is repeated for the entire road under "PRO" control, while "light and shadow™ is
repeated under "COUNTER" control, both initiated when traffic density is low. The LED
arrays in the luminaire are switched on and off with specific manners at varying intervals,
depending on the road’s traffic density. In this case study, a scaled-down LED cluster was
utilized, with lenses designed to provide a fixed beam angle of 90°, to assess whether the light
output of the specialized LED cluster changed due to frequent switching. This LED cluster
contains 12 LED chips and operates at approximately 30 watts. Fig. 6.8 (a) shows an image
of this specially designed LED cluster. After configuring the LED array, specific details for
switching timing were programmed into the MS part of the system, so that the LED would
turn on for 2 minutes and off for 3 minutes. The LED cluster was installed in the MS part, and
the system was activated. This experiment was conducted during college hours (12 PM to 8
PM) over three consecutive months, excluding Sundays, resulting in a total operating time of
(8x6%4x3) hours or 576 hours. The MS part precisely measured lighting and peripheral
(temperature and humidity) data using the installed illuminance sensor and temperature and
humidity sensor, which then transmitted the data wirelessly via LoRa to the UISD part, where
it was stored in a text file. Fig. 6.8 (b) provides a sample of the recorded text data. Since the
system measures luminous irradiance in a controlled sphere environment, minor variations in
light output are reflected in the recorded data, validated by the study. Due to the large volume
of data, the results for three consecutive days were averaged and plotted graphically in Fig.
6.9 (a), where the Y-axis represents the averaged illuminance values and the X-axis shows the
middle date of each three-day period. Additionally, another two graphs are presented in Fig.
6.9 (b) and (c), where measured and averaged junction temperature is plotted against the
middle date of consecutive three days, and measured and averaged humidity is plotted against
measured and averaged illuminance values, respectively.

90



VG143 1

| = L3
/ =
33 12 C
oI
4312 1

DATE Time Illuminance Humd . Temp(C) Temp(F)
21-12-2022 20:04:30 219348.94 34.80 33.10*C 91.58*F
21-12-2022 20:09:30 230852.44 35.3@ 32.90%C 91.22%F
21-12-2022 20:14:31 224732.28 35.1@ 33.00%C 91.40*F
21-12-2022 20:19:31 216301.17 34.90 33.00%C 91.40%F
21-12-2022 20:24:32 230284.19 34.90 33.00%C 91.40%F

Fig. 6.8 (a) & (b): Used Test LED Cluster and Text Pattern Recorded in the UISD
Device

Fig. 6.10 provides further graphical representations. In Fig. 6.10 (a), the Y-axis shows
averaged hourly illuminance for a single day, while the X-axis displays the hours of the middle
date for each three 30-day period. Fig. 6.10 (b) and 6.10 (c) are plotted between measured and
averaged junction temperature values of 1 h for 1 day and hours of the middle date of each
three equal 30 days span, and measured and averaged values of humidity of 1 h for 1 day is
plotted against measured and averaged illuminance values of 1 h for 1 day for each three equal
30 days span. These figures give a clear view of daily parameter fluctuations, while Fig. 6.9
provides an overall understanding of changes in illuminance, junction temperature, and
humidity over the three months. From the graphs in Fig. 6.9 (a) and Fig. 6.10 (a), it is apparent
that the averaged illuminance of the LED cluster, installed in the MS part, does not
significantly fluctuate with frequent switching. Furthermore, Fig. 6.9 (b) and 6.10 (b) indicate
that the averaged junction temperature of the LED cluster increases with time but remains
within safe limits. The study also confirms that junction temperature increments slightly
impact illuminance output. Besides, this experiment also discovered that the ambient averaged
humidity of the sphere does not affect the averaged illuminance output of the specially
designed LED array, and it can be seen that averaged illuminance values slightly increases
with increment in humidity values, which is good for a humid country like India. These
findings suggest that specialized LED arrays (each LED chip fitted with lenses to create
specific beam angles) can tolerate frequent switching, a core principle of the BAS dimming
technique. This case study also validates the functionality of the newly developed LED lumen
maintenance testing device. It is evident that users can input switching time details, allowing
the microcontroller to control the LED cluster accurately and measure illuminance,
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temperature, and humidity. As previously mentioned, all these measurements are wirelessly
transmitted to the UISD part via LPWAN, using the LoRa 02 module. The UISD part stores
each measurement with a unique timestamp on a microSD card. It can be concluded that the
system's procedures and functionality meet expectations successfully.

ILLUMINANCE VS. DATE ILLUMINANCE VS HUMIDITY
250000 250000
o raN *
200000 ~F ¢ § o0 ¢ +®
. 200000 2, * o
z
% 150000 " * e 4° *
= Q
Z 150000 2 150000
= 2
50000 2
S 100000
. =
s s I = IS 2 & I a & 50000
I i o & o o ) ) o S
- S 2 2 2 S 2 IS 8 2
o o o n r o n ra o o
S = S S 5 S 3 = S = 0
I N I~ ] I = Q2 Q2 ¥ I
~ I & w b e w w w w 20 25 30 35 40 45 50 55 60
HUMIDITY

[~}
*
=
m

TEMPERATURE(C) VS DATE

25 o PN NAa A
T 30 N S AV
3
H
£
g
£ 15
2
&1
5
0
- o o - N = - ~ o -
wn w 4 ) = w o w v w
— - =) o a =) =) o a =)
= < 2 2 2 S 2 2 b &
o s o o W o o o v G
= S > 5 s s > s s 2
[N I o [ ~ o o L= ~ o
5 5 5 s 5 5 s w 5 5

DATE
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Fig. 6.10 (a), (b) & (c): Graph between Measured and Averaged Illuminance Values of 1
h for 1 day and hours of the Middle Dates of each three Equal 30 Days Span, Graph
between Measured and Averaged Junction Temperature Values of 1 h for 1 ay and hours
of the Middle Date of each three Equal 30 Days Span, and Graph between Measured and
Averaged Illuminance Values of 1 h for 1 day and Averaged Values of Humidity of 1 h
for 1 day

6.3.5 Discussion

This newly developed LED testing device prototype performs effectively in the
aforementioned case study. Through a comparative analysis with other market-available
testing devices, it is evident that this system and its development methodology are superior to
existing options. Additionally, the entire system is significantly more cost-effective than other
LED testing devices. Another key advantage is its low power consumption, excluding the
power used for the LED itself. The real-time measured power for this new LED testing device
is precisely 21.16 W, with the RTC (real-time clock) module consuming around 14 W and the
microSD card with adapter consuming about 5 W. Furthermore, the system offers scalability,
allowing for easy optimization of its size, based on test object specifications, due to the
simplicity of its components. Only the sphere’s size needs adjustment for larger systems, while
other components, such as microcontrollers, the LoRa 02 module, and sensors for illuminance,
temperature, humidity, and storage, remain the same across all configurations. Additionally,
this developed system aligns closely with important standards like IES LM-80-2015 and IES-
TM-21-11, with previous section detailing correlations between the system and these
standards.

6.3.6 Conclusion

The literature review suggests that LEDs have an exceptionally long lifespan (around 50,000
to 60,000 hours, or approximately 6.5 years), making it challenging to test and predict their
lifecycle. Properly testing LEDs would require leaving them on for 6.5 years, but the
accelerated lifecycle testing method allows prediction within about 10,000 hours by
continuously switching the light source over roughly 1.2 years. This is why the newly
developed system is crucial, as it enables such tests. Additionally, this system is highly
advanced compared to other LED testing devices due to its compact, cost-effective design,
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scalability, and wireless communication, allowing remote and safe testing. There is significant
potential for further enhancement, such as creating a user-friendly graphical interface to allow
immediate input. Improving the system’s capabilities to predict faults, plot graphs, and
provide real-time values of parameters like current and power consumption of the test LED
would also be beneficial. A case study validates both the system and a new dimming method
known as the BAS (Beam Angle Switching) method, demonstrating the system’s robustness
and simplicity. The study also confirms that the rapid and random switching of the specially
designed LED cluster does not impact its light output. Furthermore, it shows that the LED’s
junction temperature remains within optimal limits, and ambient humidity does not affect the
illuminance of the LED array. This dimming method could be implemented easily in Indian
street lighting, with significant benefits in terms of electrical power savings. In conclusion,
the newly developed LED life testing device performs well and could serve as a prototype for
future development into a more rugged and robust device.

6.4  Case Study of Street Lighting of an Indian University: Present and
Future of BAS Method

In a developing country like India, it is essential that streets are well-lit to promote economic
growth through efficient transportation, ensure the safety of drivers and pedestrians, and enhance
road ecology. However, street lighting consumes approximately 40% of cities' total electrical
energy [136-138], contributing significantly to pollution and greenhouse gas emissions. This has
led municipalities to develop systems for monitoring and minimizing energy use to reduce costs
[147]. Compared to older lighting technologies like incandescent, mercury vapor, sodium vapor,
and compact fluorescent lamps, LED street lights have a longer lifespan, consume less energy,
and reduce carbon emissions and energy costs [9]. LEDs also perform well in terms of luminous
efficacy, illuminance, CCT, and CRI [148-149]. Their controllability allows for precise
adjustments in light output and CCT, which studies suggest improves human performance at a
CCT of 4500 K [116-117,150]. However, while pulse width modulation (PWM) dimming can
reduce LED output, it may affect LED lifespan and efficiency due to high-frequency switching
and potential shifts in the white point [151]. As an alternative, Suddhasatwa et al. propose the
beam angle switching (BAS) method, which adjusts the beam angle to control luminance levels
and reduce energy use [32]. This section presents a case study on street lighting at Jadavpur
University, focusing on energy consumption and smart control, and examines the effectiveness
of BAS for energy reduction. The study involves an inspection of the existing lighting setup,
simulations in AutoCAD and Dialux, and a comparison of BAS with the current system and a
full LED retrofit scenario. Findings indicate that BAS can cut energy consumption to one-third
of current levels, reducing costs associated with LED street lighting maintenance.

6.4.1 Description of the Existing Street Lighting System of University

Jadavpur University, a renowned public institution, is located in Kolkata, West Bengal, India,
known as the "City of Joy." Founded in 1905 as the Bengal Technical Institute, it was renamed
Jadavpur University in 1955 [32]. Street lighting on this educational campus has evolved over
time, reaching its current state through extensive modernization efforts. The university operates
two campuses in Kolkata, at Jadavpur and Salt Lake. This paper focuses on a case study of the
street lights in the Jadavpur campus. However, the current lighting scheme is not energy-
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efficient. It relies on outdated sources like metal halide lamps, sodium vapor lamps, and CFLs,
which consume substantial energy and have shorter lifespans compared to LEDs. Statistics
reveal that 52% of Jadavpur campus lights are mercury vapor lamps, 40% are LEDs, and 4%
are sodium vapor lamps and fluorescent tubes. Additionally, 64% of the lights come from one
company (C1), while the rest are from another (C2), as illustrated in Fig. 6.11 (a) and (b). Total
number of street lights in Jadavpur campus is 136.

Percentage number of Percentage Distribution of Light
various Light Sources Source Provider

crompton
/c2
36%

Philips/C1
64%

HLED m Mercury vapor FTL Sodium vapor H Philips B crompton

Fig. 6.11 (a) & (b): Percentage Distribution of Lamps and Light Source Providers

All light fixtures are mounted on steel poles, where the average height is 6.12 m, with an average
pole span of 21.82 m, ranging from 9 m to 50 m. These distances are measured with a laser
distance meter (Fluke 406E). Four poles have dual brackets, one pole has three, and one has
four brackets for holding luminaires. LED lights include 45 W, 70 W, and 160 W lamps;
mercury vapor lamps are available in 250 W and 150 W; sodium vapor lamps come in 250 W
and 400 W; and fluorescent tubes are 40 W. Sample lighting, both during the day and night, is
shown in Fig. 6.12 (a) and (b). All of the wattage data are measured using a clamp meter. The
average illuminance on streets is 46.38 Ix, and illuminance uniformities are recorded for each
light type using a lux meter, as shown in Fig. 6.12 (c). Classifying campus roads by the Indian
road lighting standard 1S:1944 (Parts | and 11)-1970 places them in Groups B2 and C. According
to these standards, Groups B2 and C require a minimum overall illuminance uniformity of 0.3,
calculated as the ratio of minimum to average illuminance, which indicates evenness of light
distribution. Table 6.1 presents the measured and recommended illuminance uniformity values
for various types of campus street lights. These measurements show that uniformity on campus
exceeds the standard recommendations, indicating excessive lighting and leading to
unnecessary energy consumption. This analysis shows that the campus lighting scheme requires
a complete transition to LEDs. Implementing the BAS method with smart controls can further
reduce energy use and maintenance costs. A pictorial representation of the campus map with
the street light’s position and categorization is given in the Fig. 6.13. It is clearly seen from the
map that, some places in the campus need sufficient lighting, where there is none and some
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places have extra lighting. That’s why it can be concluded that the future street lighting scheme

of the campus must distribute the light evenly in the campus.

Fig. 6.12 (c): llluminance Meter and Grid Points with Measured lux Values

Table 6.1: Corresponding Illuminance Uniformity values of street lights of campus road and

recommended values of Indian Standard

Type of Light Sources

Measured Illuminance

Recommended Illuminance

Uniformity Uniformity
LED Lamp 0.84 0.3
Sodium Vapor Lamp 0.75 0.3
Mercury Vapor Lamp 0.8 0.3
FTL 0.77 0.3
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Fig. 6.13: Pictorial representation of the campus map with the street light’s position and
categorization
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6.4.2 Description of Future Upgradable Smart Street Lighting System

According to the statistical analysis of measured data from Jadavpur University’s Jadavpur
campus, it is observed that 40% of the total lighting fixtures installed on street poles of campus
road are LEDs. Studies indicate that LEDs demonstrate far superior luminous efficacy
compared to other light sources present on campus, such as mercury vapor lamps, sodium
vapor lamps, and fluorescent tube lights. These findings suggest that LEDs can achieve
equivalent lighting levels while consuming less electrical energy than the other mentioned
sources. Moreover, LEDs possess a longer lifespan, which can be substantiated using the LM-
18 [152] and TM-21 [153] standards from IESNA. In addition to these benefits, LEDs offer
advantages in other lighting parameters, including better CR1 and adaptable CCT, attributed to
their enhanced controllability. This controllability feature allows for the integration of smart
functionalities such as automated operations, wireless communication, and BAS method of
dimming into the campus street lighting scheme. Despite these advantages, it is noted that the
LEDs currently installed on campus roads lack smart capabilities, suggesting a significant
potential for upgrading the existing lights to incorporate smart features. Retrofitting other light
sources with smart LED lights would enable substantial energy savings for the campus.
Furthermore, one commonly employed feature that adds “smartness” to LED systems is the
dimming function, which allows for reduced energy consumption when there is minimal or no
traffic on campus roads. This dimming is usually achieved through single pulse-width
modulation (PWM), a method that adjusts the current in LED drivers, by changing the duty
cycle (D), using the pulse-width modulation technique to dim the LEDs. As part of the
dimming process, PWM switches the LED current between 0 and the rated current at high
frequency, creating a ratio of on-time to total time period of one cycle that regulates the LED’s
intensity. However, the PWM method also presents some disadvantages. The primary
drawback of PWM dimming is its susceptibility to generating electromagnetic interference,
which can negatively impact the efficiency and life-span of the LEDs. Specifically, PWM
dimming can decrease the lifespan of LEDs because the high-frequency switching of the LED
chip (typically between 500 Hz and several kHz) generates substantial electromagnetic
interference. This interference may impair the driver’s efficiency, as the repeated switching
can overheat components such as capacitors and MOSFETSs. If not carefully managed, PWM
dimming can also affect the LED’s white point, where the white point of an illuminant is the
chromaticity of a white object under this specific, defined by chromaticity coordinates like the
X, y coordinates on the CIE 1931 chromaticity diagram. Such shifts in the white point can
degrade the LED’s light quality, potentially hindering object detection under that specific light
source, which can be detrimental to both drivers and pedestrians [154]. To address these
limitations, a novel technique known as Beam Angle Switching (BAS) was developed at the
[llumination Engineering Laboratory in the Department of Electrical Engineering at Jadavpur
University [32]. This technique controls the beam angle of LED lights based on factors such
as vehicular density, the primary traffic direction, and the time of day, allowing for various
levels of illuminance from the same LED luminaire. The beam is designed to operate in three
distinct illumination modes: “FULL GLOW,” “PRO,” and “COUNTER.” In the FULL GLOW
setting, all LED arrays are activated to provide maximum brightness from the luminaire. The
PRO mode, on the other hand, engages only one LED array in the direction of traffic, reducing
the light output to roughly a third of the FULL GLOW condition, which conserves energy. The
COUNTER mode is similar to the PRO mode but directs the light beam opposite to the primary
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traffic flow. The PRO control results in a “Shadow and Light” illumination pattern on the
roadway, whereas the COUNTER control creates a “Light and Shadow” effect. According to
Suddhasatwa Chakraborty et al., the FULL GLOW setting is suitable during peak traffic hours,
PRO mode is ideal for moderate traffic, and COUNTER mode can be used during low traffic
periods [32]. Fig. 6.4 provides graphical representations of the FULL GLOW, PRO, and
COUNTER conditions for these luminaires. To test these modes, a 155 W street light designed
with smart BAS capabilities (set to FULL GLOW mode) was developed in the laboratory,
adhering to all applicable standards. This luminaire was mounted on a LISUN LSG 1890-B
High Precision Rotation Luminaire Goniophotometer for generating the ".ies' file, which was
subsequently used in DiaLux simulations for assessing photometric and energy performance.
A detailed table (Table 6.2) showing illuminance uniformities and average luminance of
Jadavpur University campus roads under this smart lighting scheme is provided below. This
smart, upgradable LED streetlight also features some modifications based on prior laboratory
experiments. For example, the LED’s CCT was set to 4000 K to optimize reaction times, Small
Target Visibility (STV), and general visibility, based on previous experiments [116].
Preliminary findings suggest that warmer CCTs improve object detection in foggy conditions,
while cooler CCTs enhance visibility in cold, clear weather [150]. The street LED was also
designed to be flicker-free, as flickering can significantly impact human visual and non-visual
responses [117]. Additionally, the schedule of lighting conditions (FULL GLOW, PRO, and
COUNTER) is forecasted based on traffic density data from campus archives, which is
preprogrammed to the luminaire control system to activate the corresponding lighting modes
via relay modules. The primary choice for data processing and control in this study is an
Arduino UNO microcontroller, selected for its robust performance.

Table 6.2: Illuminance uniformities and average luminance of the simulated scheme

Tvoe of Beam Angle Measured Illuminance Recommended Measured Average
P g Uniformity Mluminance Uniformity Luminance
PRO 0.28 - 041 0.3 9 Cd/m2
COUNTER 0.28 - 0.39 0.3 8.7 Cd/m2
FULL GLOW 0.27-0.53 0.4 11 Cd/m2
6.4.3 Comparison of the existing and future upgradable smart lighting system

This section provides an in-depth comparison of electrical energy consumption and electricity
bill expenses, alongside the calculated energy use and cost estimates. In the current lighting
system, all street lights are operational from 5:30 p.m. to 5:30 a.m., a total of 12 hours. In
contrast, the lighting plan proposed for future upgrades is divided into two sections: active
weekdays and off-weekdays. Active weekdays encompass the five continuous days from
Monday to Friday, during which the university is fully open for educational and other
activities, while off-weekdays cover Saturday and Sunday, when the university is closed. For
the first segment, smart LED lights are scheduled to operate in the ‘FULL GLOW’ mode from
5:30 p.m. to 9:30 p.m. for 4 hours, after which they will switch to ‘PRO’ or ‘COUNTER’
mode, depending on traffic direction, from 9:30 p.m. to 5:30 a.m. for 8 hours. This operation
will be managed through a microcontroller. Each luminaire is equipped with a light sensor and
real-time clock to automate the LED’s on-and-off cycles based on ambient light,
accommodating location-based variations in lighting needs. During the final segment, on off-
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weekdays, the lights will operate solely in the ‘PRO’ or ‘COUNTER’ modes, depending on
traffic density, from 5:30 p.m. to 5:30 a.m. for the entire 12-hour period. To offer further
clarity, an additional hypothetical calculation is conducted wherein all existing non-LED street
lights are replaced with standard LED lights of equivalent wattage used in the ‘FULL GLOW’
mode under the BAS system. This calculation serves as a reference for the energy consumption
of standard LEDs. Moreover, a comparative analysis is conducted between a PWM-based
street lighting system and the BAS-method system, with both systems following the same
operational schedule as the smart BAS-enabled system. A concise calculation is presented
below:

A. Calculation for Existing Street Lighting Scheme:

Total number of street lights in the Jadavpur campus = 136
Total wattage of the street lights measured in the survey = 23,320 W
Existing Lighting scheme = [5:30 p.m. to 5:30 a.m. = 12 h] for 7 days in a week
Total power consumed by the existing street light sources in a year
= {(23,320x7x12) x 52.143}/1000 Kw-hr [one year = 52.143 week]
=1,02,141.88 Kw-hr
Total generated Electricity bill considering fixed tariff of CESC
=(1,02,141.88%7.22) Rupees
=7,37,464.374 Rupees

B. Calculation for Hypothetical Lighting scheme Consisting of Standard LED:

Total number of standard LED light needed to retrofit the old existing non-LED light sources
=82
Total number of existing LED street lights = 54
Wattage of an individual standard LED light source = 155 W
Hypothetical lighting scheme = [5:30 p.m. to 5:30 a.m. = 12 h] for 7 days in a week
Power consumption of an individual standard LED light source in a year
= (155%x12x7%52.143) / 1000 Kw-hr
=678.902 Kw-hr
Total power consumption by all standard LED light sources.
= (678.902x82) Kw-hr
=55,669.964 Kw-hr
Total wattage of the existing LED street lights measured in the survey = 4070 W
Total power consumption by all existing LED light sources.
= {(4070x7x12) x 52.143}/1000 Kw-hr [one year = 52.143 week]
=17,826.649 Kw-hr
Total power consumption by all light sources
= (55,669.964+17,826.649) Kw-hr
=73,496.613 Kw-hr
Total generated electricity bill for all standard LED light sources
= (73,496.613x7.22) Rupees
=5,30,645.544 Rupees
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C. Calculation for Future Upgradable Smart Street Lighting Scheme:

Total number of specially designed smart LED street lights = 136
Wattage of an individual LED street light of this kind = 155 W
Developed adaptive street lighting control scheme = [5:30 p.m. to 9:30 p.m. =4 h in FULL
GLOW condition + 9:30 p.m. to 5:30 a.m. =8 h in PRO or COUNTER condition] for 5 days
in a week + [5:30 p.m. to 5:30 a.m. = 12 h in PRO or COUNTER condition] for 2 days in a
week
Total power consumption of an individual similar LED over a week

= [{(4%155) + (8x(155/3))} x 5] + [{(12%(155/3))} x 2] watt-hr

= (1033.33x5) + (620x2) watt-hr

= 6406.66 W-hr

~ 6.407 Kw-hr
Total power consumption of an individual similar light source over a year

= (6.407x52.143) Kw-hr [one year = 52.143 weeks]

= 334.08 Kw-hr
Total power consumption of all similar lights in the future lighting scheme if each and every
existing lighting source is retrofitted

= (334.08x%136) Kw-hr

= 45,434.88 Kw-hr
Total generated electricity bill for Future Upgradable Smart LED light sources

= (45,434.88%7.22) Rupees

= 3,28,039.834 Rupees

D. Percentage decrement for Future Scheme:

Percentage reduction from existing system to BAS method in energy consumption in a year
={(1,02,141.88-45,434.88) / 1,02,141.88 } x 100%
~ 55.52%
Percentage reduction in electricity bill for the same in a year ~ 55.52%
Reduction in CO2 emission for the same
=(1,02,141.88-45,434.88) x 0.85 Kg
=48,200.95 Kg
Percentage reduction from hypothetical system to BAS method in energy consumption in a
year
= {(73,496.613-45,434.88) / 73,496.613 } x 100%
~ 38.19%
Percentage reduction in electricity bill for the same in a year ~ 50.79%
Reduction in CO2 emission for the same
=(73,496.613- 45,434.88) x 0.85 Kg
= 23,852.4731 Kg

E. Retrofitting Cost and other Calculations:

Cost of a single smart upgradable street light with driver = 7,500 Rupees
Cost of a single smart controller unit = 263 Rupees

101



Total cost of the smart system = 7,763 Rupees
Total number of standard LED light needed to retrofit the old existing non-LED light sources
=82
Total number of existing LED street lights = 54
Here, existing street lights only needs smart controller unit (given that it is supported by the
LED).
Total cost of all the smart street lights = {(7,763%82) + (263%x54)} Rupees
=6,50,768 Rupees
Approximate Labour charge = (1,507%136) Rupees [Labour charge fixed by Gowvt.]
=2,04,952 Rupees [155]
Total cost of retrofitting existing street lights with smart upgradable street lights
= (6,50,768+2,04,952) Rupees
= 8,55,720 Rupees
Time needed to earn back total expenditure by saving electricity bills
= {8,55,720 / (7,37,464.374-3,28,039.834)} years
= 2.09 years
~ 2 years

F. Comparative Analysis between BAS method and PWM method:

Generally used PWM based street lighting control scheme = [5:30 p.m. to 9:30 p.m. =4 h in
full intensity with 100% duty cycle+9:30 p.m. to 5:30 a.m. = 8 h in 40% duty cycle] for 5 days
in a week + [5:30 p.m. to 5:30 a.m. = 12 h in 40% duty cycle] for 2 days in a week (Below
40% duty cycle, llluminance level on street will drop below the recommended value given at
IS: 1944-1 and 2 (1970)).
It is found from the study that the energy consumption of a PWM based LED is proportional
with the duty cycle applied to it [156]. So, at 40% duty cycle, LED will consume 40% of its
rated energy consumption.
Total power consumption of an individual PWM based LED over a week

= [{(4x155) + (8%(40% of 155))} x 5] + [{(12x(40% of 155))} x 2] watt-hr

= [{620+496} x 5]+1488 W-hr

= 7068 W-hr

=7.068 Kw-hr
Total power consumption of an individual similar PWM enabled light source over a year

= (7.068x52.143) Kw-hr [one year=52.143 weeks]

= 368.55 Kw-hr
Total power consumption of all similar PWM enabled lights in the future lighting scheme if
each and every existing lighting source is retrofitted

= (368.55%136) Kw-hr

=50,122.35 Kw-hr
Total generated electricity bill for PWM enabled Smart LED light sources

=(50,122.35x7.22) Rupees

= 3,61,883.4 Rupees
A detailed graph of Lighting schemes versus electricity bill generated by the lighting schemes
per year is given in Fig. 6.14.
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Electricity Bill per year vs. Lighting Scheme
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Fig. 6.14: Graph between lighting schemes and electricity bills generated by these schemes

6.4.4 Conclusion

The comparative study above clearly demonstrates that the developed future upgradable smart
LED lighting system with Beam Angle Switching (BAS) method will significantly reduce
electrical energy consumption and electricity bills, both by 55.52%. It will also reduce CO2
emission by approximately 53.14 ton as formulated by the central electricity authority of
ministry of power, Govt. of India. Furthermore, there are also a reduction of 38.19% electrical
energy consumption and 26.3-ton CO2 emission from the hypothetical lighting scheme
considered for referencing by the BAS method. Moreover, this modern lighting scheme is
shown to hold substantial promise for smart city applications. The BAS technique proves more
efficient and human-centric than the PWM dimming method, as it achieves lower energy
consumption with reduced electricity bills and reduces reaction times for visual or non-visual
tasks by eliminating Temporal Light Modulations. This characteristic makes BAS a viable
metric for future engineering solutions in smart city infrastructures. However, for optimal
effectiveness, it is essential to ensure equal light distribution across the Jadavpur campus to
maintain overall illuminance uniformity. If light poles are spaced irregularly, this method may
fail, creating alternating shadow and bright zones, resulting in a “Zebra effect.”

6.5 Study on Implementation of PWM Dimming in Beam Angle Switched

LED Street Light to Achieve further Energy Efficient Standard Lighting

There are several dimming techniques available, such as constant voltage dimming and PWM
(Pulse Width Modulation) dimming. Research has shown that PWM dimming is considered one
of the most effective methods in the field of dimming. This technique adjusts the light output of
an LED by supplying it with a pulsed DC current with a variable duty cycle. Moreover, the PWM
method prevents the LED’s junction temperature from increasing drastically, which contributes
to an extended LED lifespan compared to other dimming techniques [25-31]. Additionally, studies
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on the BAS method and the effects of lighting parameters on human reaction times reveal that
BAS-enabled LED street lights provide extra illuminance on the working plane (in this case, the
street), whereas standard LEDs offer higher illuminance than BAS-enabled LEDs. Therefore, the
illuminance output needs optimization to meet Indian street lighting standards. Consequently, a
study was conducted in the lllumination Engineering Laboratory of the Electrical Engineering
department at Jadavpur University to explore the introduction and implementation of PWM
dimming in BAS-enabled LED street lights. The major focus of this experimentation is to check
whether introduction of PWM dimming in BAS enabled street lights can further reduce the energy
consumption of the human centric smart street lights. In each BAS lighting condition, the PWM
duty cycle was reduced from 100% to 40% to assess any impact on the quality and illuminance
uniformity of the LED street lights. The study concluded that changes in the PWM duty cycle did
not significantly affect illuminance uniformity or light quality (CCT, CRI). Furthermore, energy
consumption of the LED lights decreased almost linearly with the reduction in duty cycle.

6.5.1 Experimental Setup

This indoor experiment was conducted in a controlled environment at the Illumination
Engineering Laboratory of the Electrical Engineering Department at Jadavpur University. The
purpose of the experiment was to examine how reducing the duty cycle of the PWM signal
supplied to a BAS-enabled street LED affects both the quality of light output and illuminance
uniformity at the working plane, as simulated in the laboratory. The quality of light output
was evaluated by observing the effect of varying PWM duty cycles on the LED's CCT and
CRI. Additionally, overall illuminance uniformity was determined by dividing the minimum
illuminance value by the average illuminance value across grid points, ensuring compliance
with Indian street lighting standards. The experiment took place in a blacked-out laboratory
to minimize light reflection on measuring equipment, allowing for accurate data collection
from the LED. A specially designed 55watt IP65 grade LED street light was used, housed in
a luminaire casing with a fin-type heat radiator. The LED, equipped with BAS control,
featured three lighting states: "FULL GLOW," "PRO," and "COUNTER." In the "FULL
GLOW?" state, all LED clusters were active, providing maximum light output. The "PRO"
state, which reduced light output to about one-third of "FULL GLOW," involved activating a
single LED array oriented in the direction of traffic to conserve energy. The "COUNTER"
state functioned similarly to "PRO" but directed the light beam against the traffic flow. The
LED was mounted on a height-adjustable street light pole fixed at a height of 3.5 meters for
this scaled-down setup. Fig. 6.15 (a) illustrates the experimental setup in detail. A PWM
control circuit was constructed using a Darlington pair to supply the PWM signal to the LED.
An OLED display was connected to monitor duty cycles and analog input, where the duty
cycle is adjusted via a 10K potentiometer. The control circuit was built with an Arduino Uno
microcontroller, and Fig. 6.15 (b) provides a visual representation of the circuit. Code is given
in Annexture 1. The PWM signal’s duty cycle could be adjusted using both coding and
potentiometer input. Besides, the frequency of the PWM signal is maintained at a fixed
frequency of 7.8 kHz, chosen to prevent temporal light modulation (TLM). Lower frequencies
could induce flicker, stroboscopic effects, and phantom array effects, all of which are harmful
to LEDs and human health. Sample PWM signal, used in this experiment, is given in Fig. 6.15
(c). The control circuit included three push buttons, allowing users to switch between the BAS
lighting modes ("FULL GLOW," "PRO," and "COUNTER"). Following the CIE 140-2000
guidelines [108], a grid of 170 points, arranged in 10 rows and 17 columns, was set up, with

104



grid point A9 marking the Nadir (maximum illuminance) point. Each grid point was spaced
0.25 m apart, as shown in Fig 6.15 (d). The LED was powered by a Gwinstek programmable
DC power supply, controlled via the PWM circuit.

Fig. 6.15 (b): Used Control Circuit
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Fig. 6.15 (c): Sample PWM Signal fed in Control Circuit
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Fig. 6.15 (d): Grid Points
6.5.2 Experimental Procedure

The experiment begins with the specially designed LED street light mounted on an adjustable
pole set to a height of 3.5 meters. Control circuits are connected to the light, and the LED is
powered using a programmable DC power supply. The three BAS lighting conditions
described earlier are then tested. In each lighting condition, the PWM duty cycle is decreased
from 100% to 40% with a decremental step of 5%, while measuring illuminance values on the
working plane at each grid point using an illuminance meter (Metravi 1310 Digital Light
Meter). The minimum PWM duty cycle of 40% is selected because below this level, the LED
fails to provide adequate illuminance on the working plane as per IS 1944-1 and 2 (1970)
standards [68]. In addition to illuminance measurements, the LED's energy consumption,
CCT, and CRI are recorded at each duty cycle with a DC power supply and a colorimeter
(Konika Minolta CL-70F), as shown in Fig. 6.16. The collected data is then systematically
organized into tables, and an analysis is performed to reach conclusions.

1

Height Adjustable Pole i

Nadir Point & *
Colorimeter,

Control Circuit

Fig. 6.16: Measurements are Going on
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6.5.3 Calculations and Results

In each BAS lighting condition, the PWM signal’s duty cycle is varied from 100% down to
40% in steps of 5%. For each set duty cycle, the LED street light is first allowed a 5-minute
warm-up period to stabilize its light output before measurements are taken, after which the
data is recorded. Using the measured illuminance values, overall illuminance uniformity (Uo)
is then calculated with the formula:

— Emin

Next, the uniformity values are plotted against the PWM signal’s duty cycle for each BAS
lighting condition to observe any decline in uniformity as the duty cycle decreases. In addition,
measured values of CCT, CRI, illuminance at the nadir point, and power consumption are
plotted against the PWM duty cycle to assess if changes in the duty cycle affect these
parameters. These graphical representations are provided in Fig. 6.17 (a), (b), (c), (d), (e)
respectively. Corresponding data are given in Table 6.3 and Table 6.4. Upon examining the
graphs, it is apparent that the duty cycle of the PWM signal does not significantly affect overall
illuminance uniformity, although the "PRO™" condition shows a slightly lower uniformity. The
CCT plots reveal a slight decrease in CCT with decreasing duty cycle across all three BAS
lighting conditions, with "PRO" and "COUNTER" showing a marginally steeper decrease
than "FULL GLOW." Similarly, the CRI plot indicates a minor decline in CRI as the duty
cycle is reduced, with "PRO" and "COUNTER" conditions showing a slightly higher rate of
decrease compared to "FULL GLOW." However it can be seen that in both graphs CCT and
CRI follows a non-linear but similar type of changes, which is a novel finding in this area. In
contrast, both power consumption and illuminance at the nadir point decrease nearly linearly
with reductions in the PWM duty cycle for all three BAS lighting conditions.
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Fig. 6.17 (a): Graphical Representation of Variation of Overall Illuminance Uniformity with
Duty Cycle(%)

107



Duty Cycle Vs. CCT
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Fig. 6.17 (c): Graphical Representation of Variation of CRI with Duty Cycle(%)
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Fig. 6.17 (d): Graphical Representation of Variation of llluminance(lux) at Nadir point with
Duty Cycle(%)

108



Duty Cycle Vs Lamp Wattage

60

50

Lamp Wattage
w s
=] =

~
S

10

30 40 50 60 70 80 90 100 110
Duty Cycle

¢ FullGlow O Counter A Pro ==linear (Full Glow) ===linear (Counter) == Linear (Pro)

Fig. 6.17 (e): Graphical Representation of Variation of Lamp Wattage with Duty Cycle(%)

Table 6.3: Data Regarding CCT, CRI, Illuminance and wattage of PWM and Bas enabled
Street Light

Duty CCT(K) CRI Illuminance Wattage
Cycle Full Counter | Pro Full Counter | Pro Full Counter | Pro Full Counter | Pro
Glow Glow Glow Glow

100 5310 | 5331 |s5p40| '16 72 |714| 191 802 | 774 | 1% 28 | 27.58
95 B0 | 5370 |s50240| 716 719 | 714 148 763|739 09 | 2675 | 26.33
90 5300 | 5353 |5p32| 16 718 |713| 1% 723 | 70 | 807 | 2508 | 2466
85 300 | szs7 |s206| O | 717 |712| 1%2 682 |663| % | 2342 |23
80 5299 | 5350 5029 | '16 717 |712| 1% 641 | 624 | B4 | 2015 | 2173
75 5296 | gau5 |50 | 10 716 |711| 118 60.2 |58.4| 209 | 2048 | 2048
70 5296 | 5333|5219 1O 715 |71 12 s6.4 | 543 | 887 | 1023 | 1881
65 593 | 5329 |s211| 1O 715 |71a| 19 524|504 | 306 | 1797 | 1755
60 292 | 5330 |s201| %4 714 | 71| 94 484 |467| %1 | 163 | 163
55 5287 | 5314 |s5107| 4 713|707 | 998 439 |427| 3% | 1505 | 1463
50 287 | 5308 |s5189| M4 | 72 |706| 82 | 300 |30 | 292 | 1337 |1337
45 5281 | gy55 | 5y51 | 12 708 | 704 | 762 359 |349| 272 | 1212 |1212
40 5210 | 5p43 |s128| 1 706 | 703 %84 318 |304| 2% | 1086 | 1045
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Table 6.4: Data Regarding Overall llluminance Uniformity of PWM and Bas enabled Street

Light
Overall llluminance Uniformity
Duty Cycle
Full Glow Counter Pro
100 0.4989 0.4677 0.4841
90 0.4956 0.4458 0.4916
80 0.4839 0.4836 0.4965
70 0.4962 0.4388 0.4957
60 0.4993 0.4578 0.4867
50 0.4922 0.4696 0.4898
20 0.4561 0.4392 0.4343

6.5.4 Conclusion

The study clearly indicates that PWM dimming through duty cycle reduction can be
effectively implemented alongside the Beam Angle Switching (BAS) method. This combined
approach offers a dual benefit in energy savings, one from the BAS method and the other from
the PWM dimming application. Furthermore, the results show that adjusting the PWM duty
cycle does not significantly alter the lighting characteristics of a BAS-enabled LED street
light, as the CCT and CRI values remain relatively stable with changes in duty cycle. Although
this experiment was conducted on a scaled-down model, it suggests that a PWM-enabled
system could be applied to higher-wattage street lights (e.g., 150 watts) without alteration of
the lighting parameters by the PWM dimming observed in this study. The study further
confirms that altering the PWM duty cycle does not cause significant color shifts in the LED,
as CCT values remain nearly consistent regardless of duty cycle adjustments. Additionally,
the integration of PWM dimming with the BAS method is feasible under Indian Lighting
Standards, given that overall illuminance uniformity remains unaffected by changes in PWM
duty cycle. However, further research is needed to assess how the implementation of PWM
dimming within the BAS method may impact road users' decision-making and response to
certain stimuli, which falls within the scope of future studies.
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Chapter 7: Development of a Low-Cost, High CRI, CCT
Tunable BAS Enabled Smart Human Centric
LED Street Light Luminaire

7.1 Background

his thesis previously describes the journey of lighting and lighting standards’ evolution

I in introduction chapter. After extensive literature review, this thesis distinguishes the
evolution of lighting domain in four steps. They can be roughly categorized as ‘energy
efficient lighting’, ‘adaptive or intelligent lighting’, ‘smart lighting’ and the most advanced
step ‘human centric lighting’. The first type of lighting refers to technologies that reduced the
electricity consumption than old lighting systems while maintaining or improving light quality.
These solutions reduce energy consumption, lower electricity costs, and minimize
environmental impacts by decreasing greenhouse gas emissions. Examples of this type of
lighting include LED, CFLs and halogen incandescent bulbs. LEDs are particularly
noteworthy, using up to 75% less energy and lasting up to 25 times longer than incandescent
bulbs [157]. Similarly, CFLs consume about 70% less energy than incandescent bulbs while
providing comparable lighting quality [158]. Adaptive or intelligent lighting refers to advanced
lighting systems that adjust in real-time to the environment or operational needs. These systems
utilize technologies such as sensors, IoT (Internet of Things), and advanced algorithms to
dynamically control light intensity, color, and distribution, enhancing both energy efficiency
and user experience. Key features of adaptive lighting include occupancy sensing, where lights
turn on or off based on room usage, and daylight harvesting, which adjusts artificial lighting
according to natural light levels [159]. Smart lighting refers to advanced lighting systems that
integrate digital technology to provide automated, customizable, and energy-efficient
illumination. These systems are typically connected to wireless networks, enabling remote
control and management through smartphones, voice commands, or integrated platforms like
smart home assistants. Smart lighting systems often feature IoT (Internet of Things)
connectivity, allowing devices to communicate and adapt dynamically to user preferences,
schedules, or environmental changes. For instance, smart lights can adjust brightness based on
natural daylight, detect room occupancy to switch on or off, and even change color to suit
specific moods or activities [160]. It can be observed that the differences between adaptive or
intelligent lighting and smart lighting is quite blur but wireless control and batch control via a
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control room (city wide street lighting control) are the advanced feature of smart lighting.
Furthermore, the most advanced step till date, human-centric lighting emphasizes a holistic
approach to understanding light and illumination as key factors influencing human visual,
biological, and behavioral responses. It integrates both the visual and non-visual effects of light
on individuals. This concept focuses on lighting solutions that enhance human mood, well-
being, and overall health. Often referred to as human factors in illumination, it prioritizes the
effect of light on human being’s daily lives and physiological balance [44]. Besides, this type
of lighting minimizes energy consumption and encompasses all the features of a smart lighting.
Research to incorporate this type of lighting schematic in street lighting domain is very little
explored. This chapter dedicates all its length to develop a low-cost, high-CRI, smart human
centric street lighting solution. It can be divided in three sub-division. The first sub-division
describes an experimentation, which optimizes the switching frequency of the PWM (pulse
width modulation) dimming to achieve best CCT tunability. The second sub-division talks
about the theory and the process of the development of the before-said lighting system. The
last sub-division proposes a method and a system to monitor and control the CCT of the system.

7.2 Impact of Different Switching Frequencies of Pulse Width Modulated
Signal on Various Lighting Parameters of LEDs

7.2.1 Introductions

Lighting is a fundamental element influencing human well-being, productivity, safety, and
security, as well as the industrial and economic growth of India. Historically, traditional light
sources like incandescent, metal halide, and fluorescent lamps dominated the Indian market.
However, with the advent of advanced power LEDs, these conventional sources are being
rapidly replaced for superior energy efficiency, longer lifespan, and better performance of
LEDs across parameters such as efficacy, dynamic CCT, CRI, luminance, and illuminance
[161]. Recent studies forecast the global market for lighting control systems to grow at a CAGR
of 14.2% between 2021 and 2029 [162]. Despite efforts by the Indian government and private
sectors to retrofit legacy systems with LEDs, a significant number of older light sources remain
in use. Lighting accounts for 18-27% of India’s total energy consumption, contributing
substantially to greenhouse gas emissions and environmental degradation [137-138,147,162].
A viable solution lies in deploying smart LED systems with advanced lighting controls and
dimming techniques to optimize energy use. Smart lighting enables users to automate and
regulate various lighting parameters, significantly reducing energy consumption. Common
controls include motion sensors, occupancy sensors, and photosensors. Motion and occupancy
sensors ensure lights are activated only when spaces are in use, while photosensors adjust
lighting based on ambient illumination levels, preventing unnecessary use of outdoor lighting
during daylight hours [163]. Various dimming methods, including digital dimming (PWM),
analog dimming, and BAS method (beam angle switching), offer enhanced control over
lighting [32,156]. Among these, PWM dimming is widely adopted in India due to its ability to
modulate LED output by applying a pulsed DC current with a variable duty cycle. This method
minimizes heat generation at the LED junction, thereby extending the LED’s lifespan [164].
Additionally, PWM dimming significantly improves LED controllability [25,27-28]. To assess
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the efficiency of the PWM dimming technique and explore potential enhancements, ongoing
research is being conducted. One study revealed that increasing the switching frequency of the
applied PWM signal results in a reduced rise in LED junction temperatures for the same duty
cycle and current. Conversely, junction temperatures increase proportionally with the duty
cycle when frequency and current are kept constant. These findings suggest that higher
switching frequencies can effectively prolong the lifespan of LEDs [165]. However, the impact
of varying PWM switching frequencies on key lighting parameters, necessary for enabling
smart control features in LED systems, remains unexplored. Identifying the optimal frequency
range for PWM dimming to achieve system efficiency is still an open question. This research
is essential for precisely regulating lighting parameters such as CCT and CRI, which are critical
for human-centric lighting applications [166]. Human-centric lighting involves a holistic
approach to illumination, addressing both the visual and non-visual effects of light on human
behavior, biology, and perception. It prioritizes emotional well-being, health, and overall
quality of life, earning the alternative name "human factors in illumination” [11]. Another
challenge associated with PWM dimming is the phenomenon of LED color shifts. Studies
indicate that color shifts occur with PWM dimming, where changes in the duty cycle alter the
CCT. The duty cycle represents the percentage of time the signal remains at a high amplitude
within a complete cycle [167]. Understanding and mitigating such effects are critical to
ensuring consistent and reliable performance in smart LED lighting systems. A pictorial
representation of duty cycle of PWM dimming is given in Fig. 7.1.
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Fig. 7.1: Visual Depiction of Duty Cycle
T
Where, Duty Cycle or, D = 7

Here, D stands for duty cycle, T stands for the time for which the pulse is high in a cycle, T
stands for the time period of the signal.

To investigate the impact of varying switching frequencies on the lighting parameters of PWM-
enabled LED lights and to identify the optimal operating frequency range, an experimental
setup was developed. The setup was designed within a black box to eliminate ambient light
interference. An ESP32 WROOM DA microcontroller module was employed for generating
PWM signals at varying frequencies and duty cycles. Adjustments to both frequency and duty
cycle were made using two 5k potentiometers. For this experimentation, two SMD bead chip
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LEDs with power ratings of 10 watts (TD-LED10W) and 20 watts (TD-LED20W) were used.
The selected frequency range for the study was from 100 Hz to 20 kHz, with frequency
increments of 1 kHz, except for the first interval, which was 900 Hz. For each switching
frequency, the duty cycle was reduced incrementally from 100% to 40% in 10% steps. This
range of switching frequencies and duty cycles was chosen to facilitate a basic analysis of the
effects of switching frequency on various lighting parameters. Future studies may expand this
range and refine frequency intervals to allow for more in-depth exploration. Key lighting
parameters such as CCT, CRI, and illuminance were measured using a Konica Minolta CL-
70F colorimeter. Previous research has shown that higher switching frequencies in PWM
signals enhance LED lifespan, which justified the inclusion of frequencies up to 20 kHz in the
study [165]. Results indicated that changes in frequency had minimal effects on CCT and CRl,
with standard deviations for these parameters being lowest at higher frequencies near 20 kHz.
This finding supports the conclusion that operating at higher switching frequencies, such as 20
kHz, offers optimal performance in terms of lighting stability and efficiency.

7.2.2 Experimental Design and Methodology

This investigation is carried out in a controlled environment within a specially designed black
chamber to minimize ambient light interference. The chamber, constructed using wood and
perforated steel columns, is located in the Illumination Engineering Section of the Electrical
Engineering Department at Jadavpur University, Kolkata. The aim is to analyze the effect of
varying PWM switching frequencies on critical lighting parameters such as CCT, CRI, and
illuminance of two LEDs, one rated at 10 watts and the other at 20 watts, and to determine the
optimal frequency range for dimming operations. The wattage at various dimming stages is
also recorded for comparative analysis. The experiment is conducted in a dark environment to
eliminate the effects of reflected light on measurement devices, ensuring precise test data from
the LEDs. The black chamber has an outer height of 1.6m, a length of 0.9m, and a breadth of
0.7m, with an internal height of 1.5m. It is thermally stable, with the LEDs mounted on a
wooden block away from the steel frame. The front of the chamber remains open for ease of
measurement but is covered with a thick black jute cloth during measurements to block
external light effectively, given in Fig. 7.2 (a). For this study, two high-power, random white-
color, 12-volt SMD bead chip LEDs (10 watts - TD-LED10W, and 20 watts - TD-LED20W)
are used. Their rated CCT values are 6600K and 8000K, respectively. The LEDs are mounted
on aluminum heat sinks for efficient heat dissipation, with thermal paste applied, given in Fig.
7.2 (b). Two identical milky-white hemispherical plastic diffusers are employed to diffuse the
light output uniformly. Identical diffusers are used to mitigate any bias in light spectrum
alterations due to the diffuser, which is considered negligible for this study [168]. The LEDs
are powered by a GWINSTEK DC laboratory-grade power supply, and all photometric
measurements are performed using a battery-powered, dark-calibrated Konica Minolta CL70F
colorimeter. A PWM signal is generated using a custom-designed microcontroller-based
circuit to control LED dimming. The ESP32 WROOM DA microcontroller is chosen for its
ability to control switching frequency and duty cycle simultaneously over a wide range. Used
code is given in Annexture 1. A separate MOSFET circuit amplifies the PWM signal before it
is fed to the LEDs. Two 5k potentiometers are used to manually adjust the switching frequency
and duty cycle. Fig. 7.3 provides a detailed graphical representation of the control circuit. The
THD (Total Harmonic Distortion) and other electrical parameters such as voltage, current, and
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power are kept within the limits specified by Indian Standard IS 16103: Part 1l: 2012.
According to the standard, test parameters must remain stable within +0.5% during
stabilization and +0.2% during measurement. Harmonic content is limited to 3%. The study
begins with the 20-watt LED mounted on a heat sink, with DC power supplied to the system.
The duty cycle is initially set to 100%, and the switching frequency is set to 100 Hz using two
potentiometers. The nadir point, representing the maximum illuminance on the grid points,
drawn on working plane (base of the chamber), is marked. Any slight misalignment of the
colorimeter at the nadir point is considered insignificant for the photometric measurements.
Subsequently, the duty cycle is decreased incrementally to 40%, in 10% steps, and
measurements for CCT, CRI, and illuminance are taken at each step on nadir point. This
process is repeated for each switching frequency, which ranges from 100 Hz to 20 kHz in 1
kHz increments, except the first step of 900 Hz, resulting in 21 frequencies. A total of 147
lighting scenes are studied for each LED. After each measurement, the system is turned off for
five minutes to allow the LED junction temperature to stabilize, minimizing any potential
alterations in photometric parameters due to temperature changes. The cooling interval is
determined using a handheld infrared thermometer (HTC MT-4) after preliminary
experimental cycles. Once measurements for all 147 lighting scenes are completed for the 20-
watt LED, it is replaced with the 10-watt LED, which undergoes the same experimental
procedure. Each LED is allowed to stabilize its light output before every stable reading. Data
from all 147 lighting scenes for both LEDs are recorded in Excel sheets for statistical analysis.
Duty cycles below 40% are not used, as they fail to generate sufficient illuminance on the
working plane, as per the recommendations of the Indian Standard 1S:1944 Part 1&I1, 2003.
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Fig. 7.2(a): Used Black Chamber Fig. 7.3: Control Circuit of the System
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Diffuser

Fig. 7.2(b): Used LEDs with Diffuser and Heat Sink
7.2.3 Calculations and Results

The duty cycle of the Pulse Width Modulated (PWM) signal applied to the cool white LEDs
is decreased from 100% to 40%, with a 10% decrement at each unique switching frequency of
the PWM signal. The switching frequency is varied from 100 Hz to 20 kHz, with a 1 kHz gap,
except for the first gap, which is 900 Hz. The lighting parameters, CCT, CRI, and Illuminance,
are recorded for each lighting scene using the previously mentioned colorimeter. After taking
the measurements, standard deviations (SD) for CCT and CRI are calculated for all duty cycles
associated with each switching frequency of the PWM signal. These SD values are then plotted
against the switching frequency, as shown in Fig. 7.4 (a), 7.4 (b), and Fig. 7.5 (a), 7.5 (b),
where Fig. 7.4 (a), 7.4 (b) correspond to the 10-watt LED and Fig. 7.5 (a), 7.5 (b) represent the
20-watt LED. In this study, the standard deviations are calculated, using the formula provided,
to measure the range of deviation of CCT or CRI values around their mean value for each
switching frequency. A lower SD indicates smaller deviation [169].

The formula for the population standard deviation is given as follows:

N (xi—n)2
SD - 2\/21:1()(1' Il)
N

where, SD = Standard deviation of the population; N = Number of observations in population;
Xi = i observation in the population; p = Mean of the population.

The focus of the study on SD calculation is to analyze how the variation in CCT or CRI occurs
for a particular switching frequency due to the change in duty cycle of the applied PWM signal.
Furthermore, this analysis helps identify the optimal operational switching frequency, where
the deviation or variation is smaller compared to other frequencies. Mathematical linear
equations are fitted to the graphs presented in Fig. 7.4 (a), 7.4 (b) and Fig. 7.5 (a), 7.5 (b).
Additionally, four other graphs are plotted to show the overall variation of CCT and CRI values
against the duty cycle of the PWM signal for each distinct switching frequency. These graphs
are depicted in Fig. 7.6 (a), 7.6 (b) for the 10-watt LED, and Fig. 7.7 (a), 7.7 (b) for the 20-
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watt LED. Two additional graphs are plotted between recorded illuminance values and duty
cycle for each switching frequency, as shown in Fig. 7.8 (a) and 7.8 (b) for the 10-watt and 20-
watt LEDs. Furthermore, two more graphs are plotted to show the relationship between CCT
values and switching frequency at 100% duty cycle of the PWM signal, illustrating the direct
deviation of lighting parameters with respect to switching frequency. These are shown in Fig.
7.9 (a) and 7.9 (b) for the 10-watt and 20-watt LEDs. All the aforementioned curves are plotted
for both the 10-watt and 20-watt LEDs.

From the plotted graphs, several observations can be made. As shown in Fig. 7.4 (a), 7.4 (b)
and Fig. 7.5 (a), 7.5 (b), it is evident that the SD values of CCT and CRI decrease as the
switching frequency increases, with the lowest variation of CCT and CRI occurring at 20 kHz.
Moreover, when examining the fitted linear equations derived from the Microsoft Excel plots,
it becomes apparent that the slopes of these equations are very small. This suggests that the
changes in CCT or CRI values in relation to switching frequency are minimal.
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Fig. 7.4(a): SD of CCT vs. Switching Frequency(10W)

Standard Deviation of CRI vs. PWM Frequency

1.8

0.6

1.6 @
14
g 3 ¥
-5-12 ——
g ! 7 . . - =B 5
%0.8 [a] - L B Raiai SR
L]
g
&

04

0.2

0 5000 10000 15000 20000
PWM Freguency

Fig. 7.4(b): SD of CRI vs. Switching Frequency(10W)

117



Standard Deviation of CCT vs PWM Frequency
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Fig. 7.5(a): SD of CCT vs. Switching Frequency(20W)
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Fig. 7.5(b): SD of CRI vs. Switching Frequency(20W)

The equations derived for these SD calculations are as follows:
Y10 =-0.0008X + 108.74 ...... Eq.(1) [SD of CCT vs. Switching Frequency, 10 watts]
Y10 = -9x10%X + 1.077 ....... Eq.(2) [SD of CRI vs. Switching Frequency, 10 watts]

Here, ‘X’ denotes switching frequency and ‘Y10’ denotes SD of CCT for equation 1 and for
equation 2, ‘X’ denotes switching frequency and ‘Yo'’ denotes SD of CRI.

Y20 =-0.0044X+174.16 .......... Eq.(3) [SD of CCT vs. Switching Frequency, 20 watts]

118



Yoo = -2x10%X +0.9173 .......Eq.(4) [SD of CRI vs. Switching Frequency, 20 watts]

Here, ‘X’ denotes switching frequency and ‘Y20’ denotes SD of CCT for equation 3 and for
equation 4, ‘X’ denotes switching frequency and ‘Y20’ denotes SD of CRI.
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Fig. 7.6(b): CRI vs. Duty Cycle (10W)

These equations indicate that the changes or deviations in CCT or CRI values for the
experimental LEDs, in response to the switching frequency of the applied PWM signal, are
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minimal, as evidenced by the small slopes of the equations. Additionally, an analysis of the
graphs in Fig. 6a, 6b, and Fig. 7a, 7b reveals that the CCT and CRI values vary with changes
in the duty cycle of the applied PWM signal, irrespective of the switching frequency. When
the duty cycle increases, the CCT and CRI values also rise, indicating that an increase in duty
cycle shifts the LED's color toward the cooler CCT range. However, the changes in CCT or
CRI due to variations in switching frequency are small, and this change becomes even smaller
at higher switching frequencies. Moreover, as shown in Fig. 8a and Fig. 8b, the illuminance
values decrease almost linearly as the duty cycle decreases, which is in line with expectations
[168]. Finally, the graphs in Fig. 9a and Fig. 9b illustrate that when the duty cycle is fixed at
100%, the CCT and CRI values remain relatively unchanged as the switching frequency of the
PWM signal is varied. This is expected because, at 100% duty cycle, the LEDs remain
continuously on, and changes in switching frequency do not affect the lighting parameters, as
the waveform does not alter.
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CCT vs. Pwm frequency (100% Duty cycle)
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Fig. 7.9(b): CCT vs. Switching Frequency (20W)
7.2.4 Conclusion

This experimentation clearly established that the approach of duty cycle reduction in PWM
dimming can be effectively applied to various lighting scenarios, including indoor and outdoor
lighting applications such as street lighting. A detailed analysis revealed that while changes in
the duty cycle at a fixed PWM signal switching frequency result in slight alterations of CCT
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or CRI values, these changes do not impact the overall illumination quality of the LEDs.
Additionally, the study highlights that, electrical properties, such as the wattage of LEDs, may
influence CCT or CRI values. Further investigations are necessary to understand the previously
mentioned effect of wattage in detail. The study also discovered that at higher switching
frequencies, the variations in CCT or CRI values around their means, as measured by standard
deviations, are significantly reduced. Based on this finding, the study recommends using a high
PWM switching frequency, such as 20 kHz, a conclusion supported by the equations presented
within this paper. However, since this experimentation was conducted in a controlled
laboratory setting, additional experimentations are needed to evaluate the behavior of lighting
parameters under real-world conditions. Furthermore, it is essential to conduct additional
experiments involving a wider variety of LED modules with different wattage ranges to
achieve broader generalizations. It is well established in existing literature that an increase in
the junction temperature of LEDs can significantly impact lighting parameters. In this study,
however, the increase in junction temperature had negligible effects on the measured values,
due to the implementation of a 5-minute cooling interval between consecutive measurements,
which effectively minimized residual heat in the LEDs. Nonetheless, further research is
warranted to explore this aspect more thoroughly. To enhance the scope of this study, future
investigations could expand the range of switching frequencies tested and reduce the gaps
between consecutive switching frequencies and duty cycle levels for more granular analysis.
These expansions fall within the broader scope of future research on this subject. Lastly, the
insights and recommendations from this study provide a solid foundation for designing smart
LED control systems and can be utilized in future applications to optimize LED performance.

7.3 Development of a Low-Cost, High CRI, BAS Enabled Smart Human
Centric Street Lighting Luminaire

731 Introduction

Most streets in India still rely on outdated lighting schemes and guidelines. Over 27 million
street luminaires, primarily metal halide (MH) lamps, sodium vapor lamps (SVL), and compact
fluorescent lamps (CFL), illuminate the country. However, many remain switched on during
daylight hours or in low-traffic conditions at night, resulting in significant energy waste. This
highlights the need for better roadway lighting designs, especially on highways, to enhance
safety and reduce accidents caused by poor visibility. In contrast, India's Street Lighting
National Program (SLNP) has successfully replaced a percentage of traditional street lights
with energy-efficient LED luminaires nationwide [1]. LEDs consume less electricity, have a
longer lifespan, lower energy costs, and a smaller carbon footprint compared to traditional
lighting options [9]. This transition has started to reduce the country’s overall power
consumption. Furthermore, SPD (spectral power distribution) of a particular LED luminaire
can be controlled precisely via color mixing technology, where SPD of light is the key physical
property influencing color vision. It defines the power of light at each wavelength within the
visible spectrum, typically ranging from 400 to 700 nm. Measurements of SPD in real-world
scenarios are typically taken at specific, individual wavelengths rather than continuously
across the entire spectrum [170]. The concept of SPD is applicable to both reflective scenarios,
where light bounces off an object, and transmissive scenarios, where light passes through
materials like glass or translucent plastics [171]. Besides, color mixing is a technique where
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colors of two, three or more colored LEDs are mixed by adding their wavelengths together. It
follows Grassmann’s law of additive color [172]. The drive current of each LED must be
independently adjusted to achieve the desired color when using multiple LEDs together. These
adjustments are constrained by the maximum current specified by the manufacturer for each
LED. The resulting color gamut is defined by the linear combinations of the color coordinates
of the individual LEDs as represented in the CIE x-y color space [173]. Recent advancements
have ushered lighting design into a new era, introducing the concept of human-centric lighting.
This approach views light as a mediator of both visual and non-visual effects, addressing
human mood, well-being, and health. It integrates visual, biological, and behavioral responses,
emphasizing light's role in regulating the biological clock. Morning light resets the sleep-wake
cycle by stimulating the suprachiasmatic nucleus (SCN), which governs circadian rhythms.
Human-centric lighting, combined with daylighting and smart LED systems, is poised to shape
the future of lighting technology [11]. Light directly and indirectly influences brain function,
and optimizing various aspects of lighting design can support desired brain activity. In road
lighting design, it is crucial to prioritize object detection, recognition, and decision-making for
drivers and pedestrians [174]. That is why it is important to incorporate human centric aspects
in street lighting in Indian context. Besides, the demand for high-CRI lighting systems with
tunable CCT has made LEDs highly popular. High-CRI lighting is essential in settings where
accurate color or object identification and critical task performance are crucial, such as the
textile industry, streets at night, food processing industry, and shopping malls [175-176].
Researchers worldwide are working to improve the photometric and colorimetric properties of
LEDs and control of those properties, such as CRI, efficacy, variable CCT, and dimming
control. Typically, white LED light for general applications is created by applying a YAG:Ce**
yellow phosphor coating on InGaN blue LED chips [177]. These LEDs achieve a CRI of 80—
85 and high efficacy of 100-200 Im/W [178]. However, their spectrum shows gaps in the red
and cyan regions [35]. Efforts to address this include replacing yellow phosphor with
alternatives such as red phosphor (Nao.7Lio.15Ko.1sLaos.sEue.«MgWOs) [179], far-red emitting
phosphor (SrMgAli0O:7:Cr3*) [181], cyan phosphor (Nao.sKo.sLisSiO+: Eu?*) [179], and various
phosphor combinations [177,180,182-183]. These methods can raise CRI up to 95 but reduce
efficacy to 60-80 Im/W while maintaining constant CCT. Another approach involves using
color mixing based on Grassmann’s law of additive color [172]. Variable white light sources
have been produced by mixing red-green-blue (RGB) [184-186] or red-green-blue-amber
(RGBA) [187-188] LEDs, achieving CRI values between 80 and 90. However, these systems
suffer from chromaticity shifts due to dimming and temperature changes. Phosphor-coated
LEDs exhibit less chromaticity shift compared to color mixing of monochromatic light sources
under similar dimming conditions [189]. Systems using cool white-blue and cool white-red
mixing can achieve a wide tunable CCT range (2500 K-12500 K) and a CRI near 90, with
CCTs above and below 6500 K being generated by before-mentioned respective combinations
[190]. However, the deviation from the Planckian locus increases, raising the ‘Dy,’ value.
Simulations using red-green-blue-cyan-amber-white (RGB-CAW), RGB-amber, and RGB-
white LEDs have achieved a tunable CCT range of 3200 K-7500 K and a maximum CRI of
97 for RGB-CAW [191]. However, such systems are costly and complex, requiring six LED
colors. Five-component color mixing methods have achieved CRI values above 90, but their
electronic control is highly challenging, limiting practical application [192]. From the above
discussion it can be clearly stated that, if all these features are incorporated in conjunction with
human centric aspects in street lighting design than it will be very much beneficial for Indian
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road lighting scenario. In this context, a street light luminaire is designed in Illumination
Engineering section of Electrical Engineering department of Jadavpur University to mitigate
all these issues. This prototype used warm white-blue-green LED combination for color
mixing, thereby achieving a CCT range starting at 3500K and ending at 8500K, using
Grassmann’s law of additive color and three-point color mixing. First, the metal core printed
circuit board (MCPCB) is designed to mount the mentioned three types of LEDs. After that a
control circuit is designed to enable the three-point color mixing, using ESP32 microcontroller,
MOSFET drivers and MOSFETSs, which will be fitted with the luminaire. Another circuit
board, controlled by ESP32, is developed for wireless controlling, via ESP_NOW protocol, of
the CCT of the luminaire. Another feature is added with this system, where the CCT of each
LED array of implemented three arrays can be controlled individually. Besides, beam angle
switching (BAS) method and dimming are also incorporated in the system. This system is
designed keeping the previous studies on human centric lighting of this thesis in mind. After
development of the system some rudimentary validation of the system is also done in the
laboratory. From that, it can be clearly stated that the working of the system is quite satisfactory
and features to incorporate smartness is also working properly. It yields high CRI values for
all set CCT values, such as 85 for 8000K CCT.

7.3.2 Choosing criterion for LEDs of Street Light Luminaire

This paper proposes a high-CRI, tunable-CCT lighting system by mixing phosphor-coated
warm white LEDs (CCT - 3159K) with blue and green LED light sources. The approach fills
spectral gaps in the green-cyan (490-540 nm) and red (650-700 nm) regions to improve color
rendition while controlling CCT. It can be easily observed that increasing spectral energy in
shorter wavelengths (450-540 nm) raises CCT, while higher long-wavelength energy lowers
it. By adding green light (peak 516 nm, FWHM 40 nm) and blue light (peak 456 nm, FWHM
30 nm), CCT and color rendition are enhanced, where FWHM (full width at half maximum) is
a statistical term that describes the breadth of a curve at half its highest value. Adjusting the
blue-green blending ratio achieves a tunable CCT range, ensuring chromaticity coordinates
align with the Planckian locus to minimize Duy. The system's luminous efficacy depends on
the used individual light sources’ efficacy. Furthermore, green light is particularly effective in
mesopic photometric systems, which operate at light levels between photopic (bright, cone-
dominated vision) and scotopic (dim, rod-dominated vision) conditions. In the mesopic range,
both rods and cones contribute to vision, with spectral sensitivity shifting toward shorter
wavelengths than photopic condition [193-194]. In mesopic conditions, where both rods and
cones contribute to vision, the human eye's sensitivity peaks at 507 nm for rods and 555 nm
for cones. Since green light falls within this range, it is particularly effective in enhancing
visibility under such lighting conditions. This makes green light beneficial for enhancing visual
acuity and contrast perception under mesopic conditions, improving object recognition and
safety in low-light environments, where contrast perception is the ability to distinguish
differences in brightness or color between two objects or between an object and its background.
However, its effectiveness also depends on factors such as the light spectrum, intensity, and
the specific application context [195-196]. Besides, incorporating green light in street lighting
can potentially reduce energy consumption when applied strategically in mesopic conditions.
This is because the human eye is more sensitive to green light under these lighting levels,
allowing lower light intensities to achieve comparable visibility. By designing lighting systems
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that leverage this mesopic sensitivity, it's possible to maintain visual performance while using
less power [194,197]. Indicative figure is given in Fig. 7.10 (b). SPD of the used light sources
(WW-G-B LEDs) and the developed light source at 5388K are given in Fig. 7.10 (a) for a quick
pictorial comparison. Besides, chromaticity co-ordinates, CCT values and illuminance values
of these specific LEDs at full intensity are given in Table 7.1.
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Fig. 7.10(a): Spectral power distribution of the used light sources (WW-G-B LEDSs) and the
developed light source at 5388K

Table 7.1: Photometric Parameters of the Selected LEDs

LED X Y LUX CCT
BLUE (B) 0.1498 0.0428 116 N/A
GREEN (G) 0.1457 0.6785 174 N/A
WARM WHITE (WW) 0.4318 0.4128 972 3159
g wesone >
2 scotorrc / & PHOTOPIC
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Fig. 7.10(b): Human Sensitivity for Scotopic, Mesopic and Photopic Conditions
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7.3.3 Mathematical Basis of the CCT Control

The basis, on which the system works or the CCTs are tuned, is three-point color mixing,
following Grassmann’s law of additive color. In three-component color mixing, three light
sources are combined in specific ratios to create the desired CCT with illuminance. Consider
light sources A(xaq, ya), B(xb, yb), and C(xc, yc) used for mixing, as depicted in Fig. 7.11. The
target CCT point, T (xt, yt), is located on the CIE 1931 chromaticity diagram. In Fig. 7.11, the
extended line from A through T intersects the line connecting B and C at point M (xm, ym). The
color mixing process involves two stages. First, point M(xm, ym) is determined by blending
sources B and C. The calculation of M depends on the chromaticity coordinates of the desired
CCT point T(xt, yt). In the second stage, point M(xm, ym) is mixed with source A in the
appropriate ratio to attain the final target CCT point T(x:, yt) and the required illuminance (E).

7.3.3.1  Calculation of T (xt, y:) and M(xm, ym)

The chromaticity co-ordinate of T (xt, y:) can be calculated from the Egs. (1)—(4) [198,199]
for a required CCT (T¢).

For 2222K < Te < 4000K
x: = - 0.2661239 1 - 0.2343580 2 + 0.8776956 = + 0.179910 (1)
ye = - 0.9549476 x,3 - 1.37418593 x,2 + 2.09137015x, - 0.16748867 )

For 4000K < T, <25000K
xi = - 3.0258469 1% +2.1070379 1% + 0.2226347 2 + 0.240390 3)
y¢ = 3.0817580 x,3 - 5.87338670 x,2 + 3.75112997x, - 0.37001483 4)
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Fig. 7.11: The CIE 1931 Chromaticity Diagram illustrates the chromaticity coordinates of
three LED sources, along with the blending lines between them and the Planckian locus

By taking closer look at the Fig. 11, it can be said that the AT line’s slope is equal to the AM
line’s slope, as these two straight lines are same straight-line. Therefore, another equation (Equ
(5)) can be derived,

= Ot=Ya)
(xt—xq)

Ym (xm - xa) * Ya (5)

Again, from the figure it can be said that the straight-line MB’s slope is equal to the straight-
line CB’s slope, as they are same straight line. Hence, Equ (6) is derived.

= eV () + 6)

m (xc—xp)

It can be clearly stated that the point M will be any arbitrary point on straight line CB and the
values of co-ordinates of point M(xm, ym) totally determined by the target CCT value or point
T (xt, yt). Depending upon those values, blending ratio of source B and source C will change
with point M (xm, ym). So, the value of xm can be determined (Equ (7)) from Equs (5) and
(6) and can be written as

_ (Ot—ya)xe=xp)Xa=e—yp) Ke—Xa) Xp+ Vb —Ya) (Xt —Xa) Xc—Xp)} 7
{t=ya) (xc=xp)~We=yp) (xe—xa)}

Xm

The value of y,,, can be easily calculated by substituting the value of x,, into equation (5) or

(6).
7.3.3.2 Calculation of Hluminance of Source B and C to achieve point M(xm, ym)

Grassmann's law of additive color mixing states that the resulting color from combining
multiple-colored lights can be mathematically represented as a linear combination of the color
stimuli of the individual lights. The perceived color is influenced by the relative intensities and
spectral compositions of the combined light sources [200-202]. The point M(xm, y) is located
on the line connecting the source points B and C. According to Grassmann's law of color
mixing, the chromaticity coordinates of a blended color can be determined as a linear weighted
sum of the chromaticity coordinates of the two light sources being mixed. Therefore, Equ (8)
can be derived

Xm = xpWe1 + xc-We2 and ym =ypWe1 + yWe2 (8)

Where, weighted coefficient Wc1 and W, are given by Equ (9)

Lp Le
— Yb — Yc
Yb Yc Yb Yc
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Ly and L. are the luminance values of light source B and C. Besides, Grassmann’s law also

stated that (Equ (10))

We+We =1 (10)

Let, the maximum illuminance of source B and C is Eom and Ecm respectively. Then it can be
said that the photometric parameter luminance L is equivalent to illuminance E, if the distance
between source and working plane and the surrounding’s reflectance is fixed and the medium’s
transmittance is constant. Let, the duty cycle applied to the source B is Dy and to the source C
is D¢ to achieve the point M. Then the instantaneous illuminance of source B and C can be

given by Equ (11).

Eb=EpmDp = Lpand Ec = EcuDc = L (11)

Substituting (11) in (9), Equ (12) can be formulated

EpmDp EcmDe
— Vb — Yc
Wer (EbMDb+EcMDC) and We (EbMDb+EcMDc)
Yb Ye Vb Y

Let, ratio of two weighted co-efficient, r(Wc2, We1) = %

cl

From (11) and (12) it is found that, r(Wez, Wei) = _ECML;C?
bM¥YbJc

Ecy
Epm

Peak illuminance ratio of source C and B is r(Ecm, Ebm) =

Duty cycle ratio applied to source C and B is (D¢, D) = —

D¢
Dp

y co-ordinate ratio of source C and B is r(yc, y») = %
b

Substituting (15)-(17) in (14), we get, r(Wc2, We) = 1 (Ecm Epm)T (Dc,Db)

7(Ye,Yb)

Then, applied duty cycle ratio of source C and B is,

_ T(Weo,We )T (Ve ¥p)
r(De, Dv) = T(Ecm.Ebm)

From Equs (8), (10) and (13) value of (W2, Wc1) can be found,

T'(WCZ, Wcl) = M

(m—x¢)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)
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Let, maximum value of illuminance of point M(x., y=) is Emm. It can be calculated by the linear
summation of instantaneous illuminance values of source B and C, when their maximum
illuminance values are constant. Then it can be said in Equ (21) that,

Emm=Ep+ Ec of, Emm = EsmDp + EcmDc (21)

From Fig. 11, it can also be said in Equs (22) and (23) that,

(EmMm—Epm) dpm
—_— = — 22
(EcM—Epm) dpc ( )
or, Em = Epy + mCat=Eow) (23)
bc

Where, dom and dnc are the linear distances between point B and point M and point B and point
C respectively. Then,

dpm = {00 — xm)? + Oy — Yym)?) (24)

dpc = \/{(xb - xc)z + (p — yc)z} (25)

Equ (21) can be written as,

Emm
Dp = ——™ 26
EbM+EcMg_Z ( )
Or, Dp=——"8 27)
Fom (45, ,D;)

From Equs (15), (16) and (27), it can be found that,

Db Emm and D¢ = Dy r(Dc, Db) (28)

= EbM(1+T(ECM,EbM)T(DC,Db))
With the help of Equs (19), (20) and (28) the values of Dy and D¢ can be realized.

7.3.3.3 Calculation of Duty Cycle applied to Source A, B and C to achieve Point T(x:, yt)
with Required Illuminance

To generate the required CCT with point T(xt, yt), proper mixture of illuminance of source A
and illuminance of point M(xm, ym) is needed. Let, maximum values of illuminances of source
A are Eam and of point M(xm, ym) is Emm. Then,

Emm = EbvmDp + EcuDc (21)

To attain the required CCT with point T, let the duty cycle applied to the source A is Da and to
the point M is Dm. Then instantaneous illuminance value of source A and point M for the
required CCT with point T is given by,
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Ear = EauDa and Em = EmmDm (29)

So, the instantaneous illuminance values of source B and C are given with help of Equs (21)
and (29). They are,

Evr = EsmDsDm and Ecr = EcuDcDm (30)

Similarly, like the previous calculations, the applied duty cycle ratio of source A and point M
is given by Equ (31),

_ TWea,Wez)T(Va,Ym)
T'(Da, Dm) - T(EaM'EmM) (31)
Where, Duty cycle ratio applied to source A and point M is r(Da, Dm) = g—“ (32)
Peak illuminance ratio of source A and point M is r(Eam, Emm) = 5““ (33)
mM
y co-ordinate ratio of source A and point M is r(ya, ym) = ;’—“ (34)

Weighted co-efficient ratio of source A and point M for color mixing is

T'(Wc4, Wc3) = Ra=xt) (35)

(ce—xm)

Where, W and W4 are weighted co-efficient of light source A and point M according to
Grassmann’s law of additive color.

At the target CCT point T(x:, y:), the required illuminance Er is the sum of the illuminance
contributions from source A and point M.

(Note: The target illuminance of the system must not exceed the maximum illuminance of
source A when it is operating at full intensity, because here source A is the preliminary source
of higher luminous efficacy with whom two sources (B and C) are blended.)

Er=FEar+ Enm (36)
OF, Er=EauDa+ EmuDm  (37)

Similarly, like the previous calculations, from Equs (37), (32) and (33), the values of Dmn and
Dacan be calculated.

_ Eyr
Emm(1+7(Eam,Emm)T(Da,Dm))

Dm and Da = Dm T'(Da, Dm) (38)

With the help of Equs (31), (35) and (38) the values of D and D4 can be realized.

Finally, to achieve the target CCT with point T(x¢, y:) and target illuminance value Er ,
illuminance contributions of the individual LED source are given by,

131



Illuminance of Source A, Ear = EamDa (39)
Illuminance of Source B, Err = EsMDbDm (40)
Illuminance of Source C, Ecr = EcuDcDm (41)

Duty cycle requirements of individual given LEDs, to get the target CCT with point T(xt, y:)
and target illuminance value E-, are given below,

Required duty cycle of light source A, Da = Dm 7(Da, Dm) (42)

. . B EmmDm
Required duty cycle of light source B, DpDm = Err (o7 Eon Eon ) r DoD)) (43)

Required duty cycle of light source C, DcDm = Dy r(Dc, Db) Dm (44)

7.3.4 Hardware Implementation: Development of the MCPCB of Street Light
Luminaire and Control Circuits

The developed street light luminaire has three novel parts. One is the MCPCB, where the LEDs
are mounted, another is the control circuit for implementation of the three-point color mixing,
dimming and BAS method. Last but not the least, is the wireless controller for CCT tunability.

7.3.4.1 MCPCB of the Luminaire

MCPCB stands for Metal Core Printed Circuit Board, a type of printed circuit board (PCB)
featuring a metal core layer designed to manage heat effectively. This metal core directs heat
away from critical components on the board to less sensitive areas, ensuring the board's optimal
performance and extended lifespan. Typically, the metal core is made of aluminum or copper
and is positioned between an insulating dielectric material and copper trace circuitry. In
multilayer MCPCBSs, the layers are symmetrically arranged on either side of the metal core.
MCPCBs are commonly utilized in applications requiring efficient heat dissipation, such as
LED lighting systems, automotive electronics, and renewable energy technologies. In this
system a single layered, 6” x 8.5”, MCPCB is used and the actual image is given in Fig. 7.12.
The design of the luminaire is done in such a way that, it contains three symmetrical individual
arrays of LEDs. In a single array, three types of colored LEDs are used to incorporate three-
point color mixing and they are warm-white, blue and green. All three types of LEDs are of
COB type and of 3 watts except the green one, which is of 1 watt. In a single LED array, there
are three distinct columns of LEDs. The central column is composed of green LEDs, while the
other two columns feature warm-white and blue LEDs arranged in a zigzag pattern. The system
used low powered green LEDs to decrease the excessive green tint in the light output. An
individual luminaire needs around 170 watts for working, which is measured in laboratory.
This MCPCBs are then mounted on the metallic luminaire using heat sink paste, where the
metallic luminaire has fins on the back side of it for proper heat dissipation.
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Fig. 7.12: MCPCB of Developed Street Light Luminaire

7.3.4.2  Control Circuit adjacent to Street Light for CCT Tunability and BAS Method
Implementation

The system consists two major control circuits. This circuit is attached with luminaire and
mounted on the top of the street light pole. The core of the system is an ESP32 WROOM-DA
microcontroller board, which controls all the three individual LED arrays by injecting proper
calculated duty cycle via PWM (pulse width modulated) signals. The circuit is designed in
such a way that CCTs of all these three individual arrays can controlled individually, which
means, one can set three CCTs for three LED arrays separately. The circuit has nine
IR2110PBF MOSFET drivers for nine P55NF06 MOSFETs, employed for nine columns (3
arrays x 3 columns) of LEDs on the luminaire. The luminaire and the circuit, both are powered
by a Meanwell SMPS (switched-mode power supply) named as LRS-200-36, which has DC
output voltage of 36 volts and current of 5.9 Amps maximum. This circuit uses buck converter
to reduce the DC voltage level from 36 volts to 12 volts and then it is fed to the MOSFET
drivers. ESP32 microcontroller board of the circuit pulls the power (required 5 volts) from a
L7805 voltage regulator and the regulator gets its input from the buck converter. Three blue 5
mm indicator LEDs are also incorporated in the circuit for showing proper operations of three
LED arrays. CCT inputs for three LED arrays are given to the circuit by another wireless
control circuit via ESPNOW protocol. Here, in this circuit, the microcontroller sets up nine
PWM channel to provide nine different PWM signal to the nine before-mentioned MOSFET
drivers. Circuit diagram and the actual image of the circuit is given in Fig. 7.13 (a) and (b).
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P55NF06 MOSFET

Indicator LED

L7805 Voltage
Regulator

Fig. 7.13(b): Actual Control Circuit adjacent to Street Light

From the circuit diagram, given in Fig. 7.13 (a), the positioning of each component can be
clearly seen. Six PBT2 connectors and three PBT3 connectors are used to connect the
luminaire and power supply with the circuit. Here PBT stands for Polybutylene Terephthalate,
an insulating material. In Fig. 7.13 (a), B stands for blue LED column’s negative terminal, G
stands for green LED column’s negative terminal and WW stands for warm-white LED
column’s negative terminal. Besides, C+ stands for all three positive terminals of the three
LED arrays. Furthermore, other three PBT2 terminals are used to connect the DC supply from
SMPS with their positive and negative terminals respectively. Moreover 1 kQ resistors are
connected between the gate and drain of each MOSFET to protect the MOSFET.

7.3.4.3 Hand Held Wireless Control Circuit for Manual Control

Another control circuit is made to control the CCT tunability and BAS method, which will be
held in human hand for controlling the street light from distance. This circuit also comes with
an ESP32 WROOM DA microcontroller module, whose main task is to gather the reading of
three potentiometers, incorporated in the very circuit. The rating of the potentiometers is 10Kk,
which is beneficial for smooth CCT changing. The circuit draws its power from a L7805
voltage regulator, which in turn draws the power from 12 volts 2 Amps DC barrel jack power
adapter. It also features a push button, which is used to change or toggle the BAS modes (Full
Glow, Pro and Counter) and an OLED 128 x 68 screen to display the set CCT values and the
current BAS mode of the street light luminaire. Circuit diagram and the actual image of the
circuit is given in Fig. 7.14 (a) and (b).

135



U3
LM7805CT
LCD1
o GND
=22 vee
53k —3—] scL
253 SDA
:]n ol ® OLED1263212C
—0 o
Rv4
U2 U1 10K
2 3 30 1 —
1 16 \EIIJ‘ va
PJ0598 17 12 |
vp RX0 |12
LBl ™o |2
Rx2 =2
™ |-
4 14 RVS
R1 <2 022 |- 10K
N =4 023 12
e I o2s |22 —
2 p12 D26 [—2%
281 i3 o7 |22
e ] baz 2L
215 D33 -2
2118 D35 (=22
b D34
11 b21
enp Ee— RV6
GND_1 =22 10K
ESP32DEVKITVT | —

Fig. 7.14(a): Circuit Diagram of Hand-Held Wireless Control Circuit

Female Barrel Jack
ESP32 L7805 Voltage

‘ Microcontroller Regulator

10k Potentiometer
Push Button

OLED Display

Fig. 7.14(b): Actual Hand-Held Wireless Control Circuit

In the circuit diagram, given in Fig. 7.14 (a), all the components are clearly seen and
understandable. A barrel jack female connector (U2) is used to power the circuit via a L7805
voltage regulator, as discussed earlier. The push button, the OLED display and three 10 k
potentiometers are also clearly visible in this diagram.
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7.35 Software Implementation

In this system two control circuits are used, one is mounted with street light luminaire on the
light pole and another is used for manual control of the CCT, which is should be held by human
hand. Both the circuits used a 32-bit ESP32 microcontroller board to generate desired PWM
signals with specific duty cycles. In the circuit adjacent to the street light luminaire, ESP32
establishes nine PWM channel to generate nine PWM signals for nine LED columns
incorporated in three LED arrays. Hand held wireless controller circuit sends values from three
potentiometers to the previous circuit using ESPNOW protocol. It also shows set CCT values
on an OLED display and gives provision of a push button, which is used to toggle the BAS
modes in the street lights. Arduino IDE is used to code these two microcontrollers.
Mathematical formulations, showed in section 7.3.3, are incorporated to the microcontroller
connected on the circuit adjacent to the street light luminaire via coding. Fig. 7.15 (a) and (b),
show the flowchart of these two circuits, where step by step workflow of these two circuits are

shown.

Initialization and Health Checkup

h J
Add peer ESP32 via ESPNOW Frotocol

hJ

Read Three potentiometer values

Read Push button operation and set the
flag value

h

Send those values

L
Display Set CCT values of T, Tp, Ta

h J

Delay

Fig. 7.15(a): Flow Chart of Hand-Held Wireless Control Circuit
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to 9 PWM enabled pin via
nine PWM channel

Y

ﬁ

Delay

Fig. 7.15(b): Flow Chart of Control Circuit adjacent to Street Light Luminaire
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Fig. 7.16 provides a pictorial representation of the total developed system. In the figure, it can
be found that a set of nine current limiting resistors are connected to safeguard the operation
of individual LED columns. The values of these resistors are 3.3Q (2 watt), 1Q (2 watt) and
10Q (2 watt) for warm-white, green and blue LEDs respectively. Besides, the used codes for
these two control circuits are given in Annexture 1.
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Fig. 7.16: Total Developed Street Light Luminaire with Control and Power Circuit
7.3.6 Discussion

After development of the street light luminaire, it is mounted on a height adjustable pole, with
a set height of 3.5 meters, in the laboratory of Illumination engineering section of Electrical
Engineering department of Jadavpur University. As previously mentioned, the lab is painted
with pitch dark black paint to prevent any reflection of light and incoming stray light, which
can mess up the photometric measurements. llluminance, CCT and CRI values are measured
at nadir point for random 10 set CCT values using the before-mentioned three potentiometers
incorporated in hand held wireless control circuit. It is seen that the illuminance values are
more or less centered at 178.2 lux. Measured CCT values are plotted against set CCT values
and it is found that the graph is nearly linear with a slope of value 1, given in Fig. 7.17 (a).
This means that the error in generating the given CCT values are very low. Another graph is
plotted between the measured CCT values and CRI values in Fig. 7.17 (b). It is also found
from that graph that CRI values increase with increment in CCT values, which is quite
explainable from the measured SPDs of these 10 measured CCT points, which is given in Fig.
7.17 (c). As CCT increases, the relative spectral powers of higher wavelengths decrease, which
creates proper or near equivalent blend of spectrum with nearly equal relative spectral power.
Values of set CCT, Measured CCT and CRI are given in Table 7.2.
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SET CCT vs. Measured CCT

Measured CCT vs. CRI

6500
MEASURED CCT

Fig. 7.17(a) & (b): SET CCT vs. Measured CCT and Measured CCT vs. CRI
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4485K “ 4664K

10 SPDs of Developed LED
Luminaire with Increasing

CCT

Fig. 7.17(c): SPDs of Developed LED Luminaire with Increasing Measured CCT

Table 7.2: Values of 10 Set CCTs, Measured CCTs and CRIs

SET CCT Measured CCT CRI
3904 3918 714
4340 4348 75.2
4480 4485 76.6
4660 4664 7.7
5370 5388 81.6
5890 5896 83.5
6100 6112 84.2
7255 7260 85.5
8000 8012 85.7
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7.3.7 Conclusion

This article presents a cost-effective, high-color-rendering W-G-B LED-based lighting system
capable of producing a wide range of CCTs. A detailed mathematical formulation for the
system design is provided, along with its hardware implementation and experimental
validation. The system successfully achieves a broad CCT range from 3500K to 8500K.
Current market solutions for high-CRI, tunable color temperature light sources typically
necessitate at least four light-emitting chips for color mixing, leading to increased
manufacturing costs and system complexity. In contrast, this system uses three-chip color
mixing to deliver optimal color rendition across the entire CCT range, significantly reducing
overall system cost while maintaining high performance. Furthermore, addition of green light,
in street light luminaire, is highly effective in mesopic conditions, where both rods and cones
contribute to vision, with peak sensitivities at 507 nm and 555 nm, respectively. This enhances
visibility, visual acuity, and contrast perception in low-light settings, improving safety.
Additionally, green light can reduce energy consumption in street lighting by leveraging the
eye's sensitivity under mesopic conditions, allowing lower light intensities to achieve similar
visibility.

7.4 Development of A Low-Cost Novel CCT Meter using Machine
Learning Regression Techniques to Monitor the Real-time CCTs of the
Developed Street Light Luminaire

74.1 Introduction

Machine learning in Illumination Engineering provides a wide array of advantages, ranging
from enhanced design optimization, lighting management, advanced adaptive control, and
energy efficiency to Human-Centric Lighting (HCL). Among the key properties, Correlated
Color Temperature (CCT) plays a critical role in designing human-centric lighting schemes.
Research indicates that implementing dynamic CCT-based lighting systems in office
environments, which mimic natural daylight patterns, significantly boosts worker productivity
and regulates hormonal balance, thereby benefiting human health. These findings also
underscore the importance of adopting dynamic CCT-enabled street lighting systems [203].
This brings forth significant challenges in optimizing design strategies, control systems, and
especially cost-effective methods for measuring human-centric parameters like CCT and Color
Rendering Index (CRI) in street lighting systems. Machine learning approaches, including
supervised and unsupervised learning, can address these challenges by automating tasks such
as CCT and CRI measurements, optimizing lighting system designs, and performing predictive
maintenance. This study focuses on machine learning-based methods for CCT measurement.
In prior research, an intelligent lighting solution was developed using 200 RGB (Red, Green,
Blue) values to predict CCT using a TCS34725 color sensor compliant with the CIE 1931 RGB
color space. Gaussian process regression was applied, but only three regression techniques
were tested without specifying kernel types, limiting reproducibility [204]. Another study used
a deep learning network trained on 191 RGB images, employing a Convolutional Neural
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Network (CNN) to create a regression model. The methodology involved transforming RGB
values into the CIE 1931 XYZ color space, converting them to chromaticity coordinates (X, y),
and estimating CCT using McCamy’s and Hernandez’s models [205]. A similar approach
utilized a deep convolutional attention-based Recurrent Neural Network (RNN) [206]. Other
studies have used RGB-to-XYZ transformations and chromaticity coordinates to determine
Circadian Stimulus (CS) or estimate CCT with McCamy’s model [92,207-210]. The literature
reveals that the process of directly transforming CIE 1931 RGB values into CCT for specific
luminaires is complex and often incomplete. Recognizing this gap, a low-cost device with a
user-friendly interface was developed at the Illumination Engineering Section, Electrical
Engineering Department, Jadavpur University. This device simplifies CCT prediction by
measuring RGB values from light sources and utilizing an appropriate machine learning
regression model. The device comprises an ESP32-WROOM-DA microcontroller, a low-cost
TCS3200 programmable color light-to-frequency converter, and an OLED 128x32 display for
data visualization [211-212]. A detailed description is provided in experimental setup and
procedure section, with a visual representation in Fig. 18. An extensive dataset of RGB values,
along with corresponding CCT and illuminance measurements, was obtained using the device
and a CL-200A chromameter by Konica Minolta under controlled conditions with two CCT-
adjustable smart Halonix LED bulbs. Six machine learning regression models were tested, with
the Gaussian Process Regression (GPR) model employing a Matérn kernel (v = 1.5) emerging
as the most accurate. This model achieved an R? of 0.9721 and a RMSE of 155.058, where ‘v’
represents a smoothness parameter balancing flexibility and regularity. The models were
evaluated using stratified K-fold cross-validation to ensure generalization and accuracy.
Furthermore, this study contributed the following points with novelty towards the development
of a CCT meter—

1. A regression-based device offering superior CCT prediction accuracy compared to
traditional mathematical models.

2. A low-cost alternative (approx. ¥1000) to high-end modular chromameters priced
around 3500,000.

3. Successful implementation of the GPR model for RGB-to-CCT conversion.

4. A methodology to integrate the device into dynamic CCT-enabled streetlights for
maintaining constant CCT values. Furthermore, the developed system is an open-
loop system. This device can make it closed loop.

The results of this study provide a significant step toward developing efficient, cost-effective
tools for human-centric lighting solutions.

7.4.2 Background

The background of this particular work can be divided into two distinctive parts. One is the
machine learning based approach and the other is existing approach.
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7.4.2.1 Machine Learning Based Approach

Machine learning proves to be an invaluable tool for accurately evaluating lighting
parameters like Correlated Color Temperature (CCT) from RGB values by analyzing large
datasets and identifying correlations between RGB inputs compliant with the CIE 1931
RGB color space and their corresponding CCT outputs. Its foundation lies in data-driven
algorithms that enhance the precision and reliability of CCT measurements across various
lighting applications. In this study, six regression models [213-215] were employed to
analyze the measured data. These models are summarized below:

A. Gaussian Process Regression (GPR)

GPR is a non-parametric Bayesian method suitable for modeling complex, non-linear
relationships in data. It uses kernel functions to define the similarity between data points
and provides predictions along with uncertainty estimates. While GPR is highly flexible
and can incorporate prior knowledge, its computational cost scales cubically with the size
of the dataset, making it less feasible for large datasets. This study utilized three kernel
functions for GPR:

1. Matern Kernel (v = 1.5)
2. Matern Kernel (v =2.5)
3. RBF (Radial Basis Function) Kernel
B. Support Vector Machine Regression (SVR)

SVR is a supervised learning method leveraging Support Vector Machines for regression
tasks. It identifies the optimal fit line (or hyperplane) by maximizing the margin within an
allowable error tolerance. This approach effectively captures patterns in data,
demonstrating robustness against outliers. However, SVR can be computationally
demanding and requires careful tuning of hyperparameters and kernel functions. This study
employed the following kernel functions for SVR:

1. Linear Kernel

2. 2nd Order Polynomial Kernel

3. RBF (Radial Basis Function) Kernel
C. Other Regression Techniques

The study also incorporated four additional regression models, each offering distinct
advantages:

1. Random Forest Regression: This ensemble learning method combines multiple
decision trees to improve prediction accuracy and handle large datasets effectively.
However, it requires meticulous hyperparameter optimization.
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2. Gradient Boosting Regression: By sequentially building trees that correct errors from
previous iterations, this method enhances accuracy but carries the risk of overfitting.

3. K-Nearest Neighbors (KNN) Regression: This approach predicts values based on the
nearest k data points, offering simplicity but often proving computationally intensive,
especially for large datasets.

4. Linear Regression: A straightforward technique that builds relationships between
variables using linear equations, suitable for simpler datasets.

These diverse regression models were utilized to explore the relationship between RGB
values and CCT, emphasizing the strengths and limitations of each method.

7.4.2.2 EXxisting Approach

In this study, the independent parameters or observed values are the R (Red), G (Green),
and B (Blue) components, which comply with the CIE 1931 RGB color space. This color
space was introduced by the CIE in 1931 to correlate visible light wavelengths with the
colors perceived by the human eye, assigning a numerical representation to every color
within the spectrum. For enhanced mathematical convenience, the CIE 1931 RGB color
space is often transformed into the CIE 1931 XYZ color space, which remains widely used.
The translation from RGB to XYZ values is achieved by multiplying the RGB values by a
specific transformation matrix. The CIE 1931 color matching system quantifies colors
numerically, enabling their accurate reproduction across various media such as print and
digital displays. This system standardizes the specification of measured colors without
emphasizing how humans perceive them, ensuring that colors measured in one
environment can be reliably replicated in another, maintaining consistency across
platforms [216]. From the derived X, Y, Z values, chromaticity coordinates (X, y) can be
calculated. These coordinates can then be used in McCamy's equation to estimate
Correlated Color Temperature (CCT). However, this approach involves complex and error-
prone calculations. McCamy's equation is as follows:

T =—437n3 + 3601n? — 6861 n + 5524.31 (45)

(x— 0.3320) . . . . .
Where, n = v~ 0.1858) ' (x, y) is the chromaticity co-ordinate and T is CCT of the LED
[67].

In this experiment, the cumbersome process of calculating CCT using McCamy’s equation
is bypassed by employing machine learning (ML) regression models with the RGB data
obtained from the developed device. For comparison, the RGB data was also processed
through the traditional McCamy-based methodology to evaluate its accuracy against the
ML regression techniques.

7.4.3 Experimental Setup and Procedure

7.4.3.1 Experimental Environment
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This experiment was conducted in a controlled environment within a specially designed
black chamber constructed from wood and pierced steel columns. The aim was to develop
a novel, low-cost CCT meter by applying Machine Learning (ML) Regression models to
the measured data. The black, non-reflective environment was crucial to terminate the
effect of stray and reflected light on the color sensor of the developed device, ensuring
accurate measurements from the CCT-adjustable LED light source. The black chamber
used in this study has external dimensions of 1.6 meters in height, 0.9 meters in length, and
0.7 meters in width, with an internal height of 1.5 meters. To ensure thermal stability, the
LEDs were mounted on a wooden block, positioned away from the steel frame. The front
portion of the chamber was left open to facilitate measurements, but during data collection,
a thick black jute cloth was used to cover the opening, effectively blocking external light
and ensuring measurement accuracy. A detailed illustration of the chamber is provided in
Fig. 7.19. Two high-power 10-watt Bluetooth-enabled, CCT-adjustable LED light sources
were used in this experiment. One of these light sources was randomly mounted on the
chamber ceiling for the first half of measurements and the other LED is used at the same
location for the second half. It is done to cancel out any LED specific bias to the
experimental results. They are equipped with a milky-white hemispherical diffuser. To
determine the Nadir point, the point of maximum illuminance on the working plane, a grid
was drawn on the chamber's bottom surface. Once the Nadir point was identified and
marked, four equidistant points were marked around it, each at a distance of 15 cm.
Measurements were taken at the Nadir point as well as at these four surrounding points.
The LED light sources were controlled via a mobile application provided by the
manufacturer. This application featured a dashboard allowing adjustments to the CCT
values during the experiment, facilitating precise control of the lighting conditions.

/X' . ‘@-— Black Cylinder
1 ‘ '-‘— TCS3200 Color Sensor

°

%%  ~~osgfifessmmm OLED Display
k.

\ —esgiilsmmmm Power Cord

Fig. 7.18 & 7.19: Developed Device to Measure CCT and Experimental Chamber
7.4.3.2 Developed Measuring Device

The measuring device is employed to capture CIE 1931-compliant RGB values for each
CCT setting configured by the user through a mobile application. This device is constructed
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using a small cardboard box, with a TCS3200 color sensor (manufactured by TAOS) and
a 128x32 OLED display mounted on its upper surface. This color sensor is first calibrated
and then used in the developed device. Calibration code is given in Annexture 1. The device
is powered and controlled by an ESP32-WROOM-DA microcontroller module. The color
sensor detects the RGB values and sends them to the microcontroller, which then displays
the readings on the OLED screen. The microcontroller is powered by a 5V 2A DC power
adapter. To ensure stability in the readings and mitigate undue fluctuations, the
microcontroller calculates the average of 100 consecutive RGB measurements and presents
this averaged value on the OLED display. Both the inner and outer surfaces of the device
are coated with pitch-black paint to prevent any stray or reflected light from reaching the
color sensor. For additional protection against unwanted light interference, a small hollow
cylinder, with a length of 3”, made of black paper is placed over the sensor. This ensures
that the sensor receives only direct light from the CCT-adjustable light source. A detailed
depiction of the device is provided in Fig. 7.18, while a flowchart outlining the algorithm,
written in Arduino IDE, used in the measuring device is presented in Fig. 7.20.

Initialization
of the System

v

Initialization of
TCS3200 Color
Sensor and
OLED Display

v

Show Systecm
Health on GUI

v

Gather RGB Data
from sensor for
consecutive 100

times and average

them

|

Show averaged

- { RGD valucs on

GUI

Fig. 7.20: Flow Chart of the Used Code
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7.4.3.3 Experimental Procedure

Once the experimental setup is properly established, measurements are conducted at the
Nadir point and the four previously mentioned surrounding points. For each CCT setting,
five measurements are taken at these points to eliminate any potential position bias in the
readings. Using the mobile application dashboard, a random CCT value is first set, and this
value is precisely measured at the five points using a Konica Minolta CL200A. In addition,
the illuminance values at these points are also measured with the same device.
Subsequently, the RGB values are recorded using the developed device. All collected data,
CCT, illuminance, and RGB values, are meticulously documented. The measured CCT
values range from 2652K to 5522K. In total, 500 sets of CCT, RGB, and illuminance values
were recorded during this study. These datasets were systematically entered into an Excel
sheet for further analysis.

7.4.3.4 Performance Assessment Metrics

To compare all these over the measured data, some error terms are used and they are R2,
MSE and RMSE. The R2 error is a measure of how much of the variance in the variable
that is dependent is predicted from the independent variables. It indicates how closely the
model's predictions match observed data. R2 error is given by Equ 46.

Z?:l(yi_yi) :
2 () (46)

Where, ‘y;’ is the measured values of the dependent variable, ‘y;’ is predicted values of
dependent variable using model, ‘y;” is mean of ‘y;” and observation number is ‘n’. The
MSE calculates the mean of the squared errors, indicating the disparities between expected
and actual values. It represents the mean squared deviation between the actual and projected
values. MSE is given by Equ 47.

Z ?:1(}3’_ ?i) ’
n 47

Where, ‘y;’ is the measured or observed values of the dependent variable, ‘y;’ is predicted
values of dependent variable using the model and n is the number of observations. The
RMSE is the square root of the MSE. It offers an estimate of the mean value of the error
that was made. It has identical units as the measured and anticipated values, which makes it
easier to understand in the larger picture of the data. RMSE is given by Equ 48.

R2 Error = 1—

MSE =

RMSE = +/ MSE (48)

7.4.4 Results and Analysis

In this study, 500 sets of CCT, RGB, and illuminance values were measured using a
chromameter and the developed device within the previously described experimental setup.
The CCT values were randomly selected to mitigate any bias caused by the junction
temperature rise of the LEDs used. After recording the data, the RGB values were
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normalized by dividing each value by 255. This step was performed because each RGB
channel uses 8 bits to store a color, resulting in a range of values from 0 to 255. Following
normalization, each RGB value is scaled to a range of 0 to 1. This normalization process
produced 500 feature vectors, each consisting of three parameters (scaled R, G, B values),
alongside 500 target values (CCTSs). The normalized RGB values were then input into the
previously described regression algorithms to determine the best-performing model based
on error metrics. 80% of the dataset was used for training, while the remaining 20% was
reserved for testing. All training and testing procedures were carried out using MATLAB
software. The performance metrics of the regression algorithms used for CCT estimation
are presented in Table 7.3. For each model, graphs showing the relationship between
predicted CCT values and actual CCT values were plotted, as depicted in Fig. 7.21. From
the metrics in Table 7.3, it is evident that Gaussian Process Regression (GPR) with a
Matern kernel (v = 1.5) outperforms the other models for CCT prediction. The R score
and RMSE for this model are 0.9721 and 155.058, respectively. To compare these results
with the Mccamy’s empirical model, the RGB values were converted to CIE 1931-
compliant XYZ values, then to chromaticity coordinates (X, y). Using Mccamy’s equation,
CCT values were predicted, and the R2 score and RMSE were calculated. The results
showed an R? score of 0.9129 and an RMSE of 159.371. From this comparison, it is clear
that the GPR model with a Matern kernel (v = 1.5) significantly outperforms Mccamy’s
model for predicting CCT from RGB sensor data. Additionally, Table 7.3 ranks the
performance of all regression models and Mccamy’s model from best to least suited. It can
be observed that the GPR model consistently outperforms all other regression techniques
in predicting CCT values from RGB inputs.

Table 7.3: Performance Assessment Metrics of ten Machine Learning Regression (MLR) Algorithms

Regression Model R2 Error MSE (Test RMSE C.r 058 C.ross
Name (Test Data) (Test Data) Validated | Validated
Data) MSE RMSE

GPR: Kernel - Matern

(v =1.5) 0.9721 | 24042.9984 | 155.058 52934.9909 | 230.0761

GPR: Kernel - Matern

(0=2.5) 0.9621 |30328.1002 | 174.1496 52912.775 | 230.0278

SVR: Kernel - Gaussian | 0.9568 | 34304.1964 | 185.2139 69138.414 | 262.9418

GPR: Kernel - RBF 0.9473 | 40770.7648 | 201.9177 54970.4225 | 234.4577

Random Forest 0.9372 | 48674.6997 | 220.6234 79497.6404 | 281.9533

SVR: Kernel - 2nd

: 0.9264 | 66186.9695 | 257.2683 | 114178.2169 | 312.3934
Order Polynomial

Maccamy’s Model 0.9129 | 25399.1156 | 159.371 58590.5746 | 242.0549

Gradient Boost 0.9049 | 73575.2094 | 271.2475 | 110013.0026 | 331.6821
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SVR: Kernel - Linear 0.8952 | 93805.8366 | 306.2774 | 144239.2603 | 379.7884

KNN 0.8504 | 117709.09 | 343.0876 | 165347.4556 | 406.6293
Linear Regression 0.772 130321 361 169998.7143 | 412.309
Model
s SPRMate Model: Actal vs red £, I R.CL 45 o (GPRso Model:Actual vs Predicted Data R (OB Model: Actual vs Predicted Data 000 —ineer Regression Model: Actusl vs Pradicled Dats
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Fig. 7.21: Predicted CCT values vs. Actual CCT values for 10 Regression Models
7.4.5 Conclusions
This experimentation introduces an innovative device and machine learning (ML)-based
methodology, designed to measure the dynamic Correlated Color Temperature (CCT) of

luminaires, offering a low-cost yet effective alternative to conventional chromameters,
which are significantly more expensive. The developed device, combined with advanced
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ML techniques, demonstrates the potential for accurate and efficient CCT measurement
without reliance on high-cost equipment. The findings highlight that a cost-effective
approach can yield results comparable to those obtained using sophisticated devices like
chromameters, making the technology more accessible for a broader range of applications.
Among the various ML regression models applied in this study, Gaussian Process
Regression (GPR) with a Matern kernel (v = 1.5) emerged as the best-performing
algorithm. However, despite its exceptional accuracy, implementing GPR on
microcontrollers such as the ESP32 presents considerable challenges. The ESP32’s limited
computational power and memory capacity restrict its ability to execute GPR, especially
with a kernel as computationally demanding as the Matern kernel. These limitations
necessitate the use of more advanced Al-enabled hardware for real-time applications. To
address these computational constraints, alternative solutions such as the NVIDIA Jetson
Nano, Google Coral Edge TPU, and Al-accelerator-enabled Raspberry Pi were identified
as viable platforms for deploying GPR models. Additionally, cloud-based computation
offers another pathway to overcome the limitations of microcontroller-based processing.
While these solutions provide significant computational advantages, they may introduce
additional costs or dependency on external infrastructure, highlighting the trade-offs
between cost, performance, and feasibility. Future research aims to optimize GPR
algorithms for efficient deployment on constrained platforms like the ESP32, focusing on
reducing the computational and memory requirements without compromising accuracy
[217-218]. Furthermore, the study underscores the importance of identifying improved
color sensors with enhanced sensitivity and precision. Collecting a more extensive and
diverse dataset of RGB values is also a priority, as it will enable the training of more robust
ML models, ensuring better generalization across various lighting conditions and
environments. The development and refinement of such technologies promise to bridge the
gap between affordability and high performance, making advanced lighting control
accessible to a wider audience.
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Chapter 8: Conclusion and Future Scopes

8.1 Conclusion

in daily life, whether they are electrical, electronic, mechanical, or belong to any other

domain. The integration of smart capabilities, the addition of new functionalities,
automation, predictive maintenance, and condition monitoring have unlocked vast avenues for
research and innovation. Researchers continuously push the boundaries of exploration, and as
advancements progress, the definitions and expectations of these domains evolve when
incorporated into systems. Over time, there has been a concentrated effort to prioritize human-
centric approaches within these fields to reduce human workloads, enhance efficiency, and
minimize errors in task execution. Moreover, pressing global challenges such as climate
change, overconsumption of fossil fuels, and rising carbon emissions have introduced a critical
focus on reducing energy consumption in electrical and electronic systems. This has led to
numerous ongoing studies and explorations worldwide. Nations are striving to integrate these
innovative features into public infrastructure to achieve dual objectives: optimizing energy
usage and embedding human-centric designs. Among such infrastructures, street lighting plays
a pivotal role in promoting a country’s economic, social, and cultural development while
ensuring safety and security through smooth vehicular movement on roads. This doctoral thesis
conducts an in-depth examination of human-centric street lighting, with a particular focus on
understanding the complex interplay between lighting characteristics and human visual and
cognitive responses. By merging laboratory-based experimental data with theoretical insights,
it proposes a cost-effective, high-CRI, CCT-tunable smart street lighting system tailored to the
Indian context. Additionally, this research investigates energy reduction strategies, including
PWM (Pulse Width Modulation) dimming and BAS (Beam Angle Switching) methods, while
validating the BAS approach through case studies and real-time CCT monitoring for the
proposed system. The thesis can be broadly categorized into two primary components. The
first explores the correlation between lighting parameters, such as CCT (Correlated Color
Temperature), and human-centric factors like reaction times for object detection, Small Target
Visibility (STV), and Visibility Level (VL). This section also integrates findings from EEG
(Electroencephalogram) studies, GSR (Galvanic Skin Response) data, and behavioral analyses
to establish these relationships. The second component is devoted to the development of a low-
cost, high-CRI, CCT-tunable, wirelessly controlled, BAS-enabled street lighting luminaire.

I n the modern era, "smartness” has become an indispensable feature across all systems used
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This part examines the synergy between PWM dimming and BAS techniques, validates the
BAS method using a lumen maintenance device, includes a case study conducted on university
roads, evaluates the impact of PWM dimming switching frequency on lighting parameters such
as CCT, and proposes a real-time CCT monitoring and feedback mechanism for the developed
street lighting system.

The thesis is systematically divided into eight comprehensive chapters. The first chapter
primarily serves as an introduction, providing a detailed overview of the research. It sets the
stage by elaborating on the background and context of the study, outlining its significance, and
emphasizing the originality of the work. Chapter 2 lays the foundation for human-centric
lighting in the arena of street lighting design. It provides an in-depth understanding and
definition of human-centric lighting, discussing its benefits, limitations, and experimental
implementation in street lighting systems. Chapter 3 introduces the laboratory-developed
instruments essential for this research. It details the design, purpose, and functionality of
devices like active shutter glasses, a reaction time measuring device, and a galvanic skin
response (GSR) measuring device. Chapter 4 examines the visual and non-visual impacts of
various LED lighting parameters on object detection. The first section focuses on experiments
involving variations in the CCT of main (on-axis) and peripheral (off-axis) light sources. The
latter section explores the effects of varying flickering frequencies and temporal light
modulations in peripheral sources. Chapter 5 presents a novel investigation into the impacts of
CCT variations on human brain activity, cognitive load, and temporal processing. This chapter
introduces the use of EEG and GSR to measure mental and physical responses, offering deeper
insights into human cognition under different lighting conditions. Chapter 6 explores energy
reduction strategies for LED street lighting. It highlights two innovative dimming techniques,
PWM (Pulse Width Modulation) dimming and the BAS (Beam Angle Switching) method, and
evaluates their combined effects on performance and energy efficiency. Chapter 7 describes
the development of a smart, CCT-tunable, human-centric street lighting luminaire. It integrates
findings from prior experiments, leveraging three-point color mixing theory to create a cost-
effective, efficient, and human-centered design. The chapter also covers the luminaire's
developmental process and implementation. Chapter 8 concludes the thesis by summarizing
the key findings and proposing future research directions, emphasizing the potential for further
innovation in human-centric lighting systems.

The significant contributions and achievements of this research are detailed below.
8.1.1 Advancements in Understanding Correlated Color Temperature (CCT) Effects

The research systematically analyzed the influence of CCT on visual and behavioral responses
under varied lighting conditions. Higher CCT levels were found to significantly enhance both
eye adaptation and sensitivity, leading to improved small target visibility (STV). The reduction
in average reaction times for object detection with increased CCT demonstrates the crucial
role of lighting in enhancing road safety. These findings are pivotal for designing street
lighting systems that cater to the cognitive demands of road users, particularly drivers.

Moreover, the interaction between main and peripheral light sources revealed critical insights
into lighting scene optimization. It was established that, in the absence of peripheral glare or
flickering, the optimal CCT for observer well-being and object recognition lies around 4000K.
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However, when peripheral sources are present, this optimum shifts to higher CCTs, such as
5000K. These nuanced understandings ensure lighting designs can be tailored to diverse urban
and rural settings, balancing visual performance with user comfort.

8.1.2 Peripheral Flickering: A Double-Edged Sword

Peripheral flickering was identified as a critical factor influencing reaction times and object
detection capabilities. While it introduces annoyance and acts as a source of peripheral glare,
the research highlights the potential for optimizing flickering frequencies to mitigate its
adverse effects. By calibrating flickering frequencies to around 3 Hz for ambient light sources
at 3000K and 6000K and approximately 5 Hz at 4500K, lighting designs can minimize the
impact of flicker on driver reaction times. This innovative approach ensures that flickering
can be managed without compromising lighting efficiency or safety.

8.1.3 Validation of Beam Angle Switching (BAS) Method

The BAS method represents a groundbreaking advancement in road lighting technology. This
technique allows for dynamic adjustment of light distribution based on traffic density,
significantly reducing energy consumption during low-traffic periods. The experimental
validation of BAS on motorized roads demonstrated its effectiveness in enhancing object
detection while maintaining acceptable longitudinal uniformity. This scalable and adaptable
methodology provides a practical solution for integrating energy-efficient lighting into smart
city frameworks.

Additionally, the BAS technique proved compatible with existing PWM dimming systems,
creating a dual-layer optimization strategy. By combining BAS with PWM dimming, road
lighting systems achieve up to 55.52% energy savings while maintaining consistent lighting
quality. This dual strategy reduces carbon emissions, with the BAS method alone cutting
approximately 53.14 tons of CO2 emissions annually, making it a critical tool for sustainable
urban development.

8.1.4 Development of Advanced Devices for Lighting Assessment

To facilitate in-depth analysis of human-centric lighting, this research developed two key
devices: the Reaction Time Measuring Compact Device (RTMCD) with special active shutter
glass and the Galvanic Skin Response (GSR) device. A more robust device, named Reaction
Time Measuring Device v2.0, was later developed by merging the functionalities of previous
devices. The control circuit of active shutter glass was eliminated, and its control was
integrated into the Arduino Uno microcontroller for improved efficiency. These tools provided
precise measurements of visual, behavioral, and physiological responses to varying lighting
conditions. The integration of EEG-based assessments further enriched the experimental
framework, offering insights into the neural correlates of object recognition and cognitive
load.

8.1.5 Development of a low-cost, high-CRI, CCT-tunable, wirelessly controlled, BAS-
enabled street lighting luminaire
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The novel development of a cost-effective WW-G-B LED lighting system capable of
producing a wide range of CCTs (3500K—8500K), with comparatively high CRIs, underscores
this research’s practical contributions. By reducing system costs and complexity while
maintaining high performance, this innovation bridges the gap between laboratory research
and real-world applications.

8.1.6 Integration of Human-Centric Design in Road Lighting Standards

Recognizing the outdated nature of existing Indian road lighting standards, this research
provides actionable recommendations for integrating human-centric approaches into policy
frameworks. The findings advocate for a paradigm shift in road lighting design, emphasizing
user behavioral patterns and cognitive responses. Further collaboration with BIS divisions,
particularly ETD49 and ETD23, will ensure that these recommendations are aligned with
national and international standards.

8.1.7 Environmental and Socioeconomic Impacts

The environmental benefits of this research are profound. The BAS method and other energy-
efficient techniques demonstrated substantial reductions in electricity consumption and carbon
footprints. By optimizing lighting designs, this research contributes to achieving global
sustainability goals, reducing energy costs, and enhancing urban resilience.

8.1.8 Holistic Contribution to Illumination Engineering

Beyond specific findings, this research enriches the broader domain of illumination
engineering by introducing methodologies that balance technological innovation with human-
centric considerations. The use of EEG and GSR as metrics for evaluating lighting systems
represents a novel approach that transcends traditional illuminance-based assessments. This
integrated perspective ensures that lighting designs not only meet technical standards but also
enhance human well-being.

8.2 Future Scope

Throughout the course of this thesis, several areas were identified where improvements could
be made to the existing systems. The types and techniques of the experimentations and
developed prototype of the street light luminaire serve as proof of concept and has been
successfully validated. While this thesis provides a robust foundation for human-centric road
lighting, several avenues for future exploration emerge from the findings. These directions aim
to expand the applicability and impact of the research, addressing both theoretical and practical
challenges.

8.2.1 Real-World Validation of Laboratory Findings

The controlled experimental setup used in this research offers valuable insights, but field
studies on real-world roads are essential to validate these findings. Future research should
examine how diverse road types of India and traffic conditions, weather, and ambient lighting
influence driver behavior and lighting performance. Longitudinal studies can also assess the
long-term impacts of optimized lighting designs on safety and energy consumption.
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8.2.2 Advanced Brain-Machine Interface Studies

The integration of EEG-based assessments provides a powerful tool for understanding
cognitive and neural responses to lighting. Exploring the temporal dynamics of brain activity
under varying lighting conditions will significantly enhance our knowledge of the impact of
lighting on human cognitive performance. Such studies can inform the development of lighting
systems tailored to specific tasks, such as driving, walking, or cycling. Classification of these
recorded EEG data, using machine learning methods, can also give valuable insights on the
effect of lighting parameters on human work efficiency and object recognition.

8.2.3 Smart Lighting for Urban Infrastructure

The BAS technique’s potential for smart city integration warrants further exploration. Future
work should focus on developing adaptive lighting systems that dynamically respond to real-
time data, such as traffic density, pedestrian presence, and environmental conditions.
Furthermore, studies on batch controlling of these street light luminaires are also necessary.
Integrating loT technologies and machine learning algorithms will enhance the functionality
and scalability of these systems.

8.2.4 Device Enhancement and Automation

The RTMD and GSR devices developed in this research have proven effective in controlled
experiments, but further refinements are needed for broader application. Enhancing these
devices with real-time analytics, predictive capabilities, and user-friendly interfaces will
increase their utility. Additionally, automating data collection and analysis will streamline the
research process and facilitate large-scale studies.

8.2.5 Spectrum and Wavelength Optimization

The role of specific wavelengths, such as green light in mesopic conditions, remains an area
of interest. Future research should investigate how different spectral compositions influence
visual acuity, contrast perception, and energy efficiency. This knowledge can inform the design
of lighting systems that maximize visibility while minimizing energy consumption.

8.2.6 Further Development of the low-cost, high-CRI, CCT-tunable, wirelessly
controlled, BAS-enabled street lighting luminaire

The system can be enhanced by incorporating modern high-power LEDs and optimizing their
placement. Additionally, the SMPS (Switched Mode Power Supply) can be eliminated and
integrated with the nearby control circuit mounted on the streetlight pole. Further research,
using the developed system on real road scenario, is needed to explore the visual and non-
visual impacts of varying lighting parameters on human-centric factors such as reaction time
for object detection, Small Target Visibility (STV), and Visibility Level (VL).

8.2.7 Behavioral and Psychological Studies
Understanding the long-term psychological and behavioral impacts of lighting on road users

is critical for developing truly human-centric systems. Future studies should examine factors
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such as stress, fatigue, and decision-making under various lighting conditions. This research
will provide a holistic perspective on the interplay between lighting design and human
behavior.

8.2.8 Standardization and Policy Development

Collaborating with national and international standardization bodies to update road lighting
standards remains a priority. Future work should focus on creating guidelines that reflect the
latest research findings, ensuring that lighting designs meet the diverse needs of urban and
rural communities.

8.2.9 Exploring New Frontiers in Illumination Engineering

This research opens several new frontiers in illumination engineering, from advanced LED
technologies to innovative dimming techniques. Future studies should explore the scalability
of these innovations across different domains, such as industrial lighting, architectural lighting,
and emergency lighting.

8.2.10 Sustainability and Environmental Impact

Building on the demonstrated environmental benefits of the BAS method, future research
should explore additional strategies for reducing the ecological specifically the carbon
footprint of lighting systems. This includes investigating renewable energy sources, optimizing
material usage, and developing recycling protocols for lighting components.

By addressing these future scopes, this research paves the way for transformative
advancements in human-centric lighting, ensuring that the next generation of lighting systems
is safer, smarter, and more sustainable.
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Annexture 1

This part of the thesis describes all the Arduino IDE written and other codes, used in each system
incorporated in this thesis.

A. Code of RTMCD

#include <LiquidCrystal.h>
LiquidCrystal lcd(12, 11, 5, 4, 3, 2);
double i = 0;
double a = millis();
double c;
int d = 0;
void stpwatch();
void pause();
void setup() A
lcd.begin(16, 4);
lcd.clear();
Serial.begin(9600);
pinMode(8, INPUT);
digitalWrite(8, LOW);
pinMode(7, INPUT);
digitalWrite(7, LOW);
}
void (*resetFunc)(void) = 0;
void loop() {
lcd.clear();
lcd.print("Press Start");
delay(100);
Serial.println("press start");
if (digitalRead(8) == HIGH) {
if (digitalRead(8) == HIGH && d == 1) {
resetFunc();
}
stpwatch();
pause();
[88]
}

}
void stpwatch() {

Serial.println("8 = high");
lcd.clear();

a = millis();
Serial.println(a);

while (digitalRead(7) == LOW) {
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Serial.println(" d ");
= millis();
i=(c - a) / 1000;
lcd.print(i);
lcd.setCursor(7, 0);
lcd.print("Sec");
lcd.setCursor(o, 9);
Serial.println(c);
Serial.println(a);
Serial.println(i);
Serial.println("
delay(10);

}
}

void pause() {

if (digitalRead(7) == LOW)
Serial.println("7 = high");

while (digitalRead(8) == LOW) {
Serial.println(" e ");
lcd.setCursor(4, 2);
led.print(i);
lcd.setCursor(10, 2);
lcd.print(" Sec");

lcd.setCursor(11, 0);
lcd.print("");
lcd.setCursor(o, 0);
delay(10);

d =1;

. Code of RTMD v2.0

#include <Wire.h>
#include <Adafruit GFX.h>
#include <Adafruit SSD1306.h>

#define SCREEN_WIDTH 128
#define SCREEN_HEIGHT 32
#define SCREEN_ADDRESS ©x3C
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#tdefine BUTTON_START 2 // Pin for the start button
10 #define BUTTON_STOP 3  // Pin for the stop button
11 #define glass 4




Adafruit_SSD1306 display(SCREEN_WIDTH, SCREEN_HEIGHT, &Wire, -1);

volatile bool timerRunning = false;
volatile bool ilglass = false;
volatile unsigned long startTime = 0;
double currentTime = 0;

int i = 1;

void startButtonISR(void) {
if (!timerRunning) {
timerRunning = true;
startTime = millis();
ilglass = true;
}
}

void stopButtonISR(void) {
if (timerRunning) {
timerRunning = false;
i=0;

void setup() {
pinMode (BUTTON_START, INPUT_PULLUP);
pinMode (BUTTON_STOP, INPUT_PULLUP);
pinMode(glass, OUTPUT);

digitalWrite(glass, HIGH);

attachInterrupt(digitalPinToInterrupt(BUTTON START), startButtonISR,
FALLING);

attachInterrupt(digitalPinToInterrupt(BUTTON_STOP), stopButtonISR,
FALLING);

display.begin(SSD1306_SWITCHCAPVCC, SCREEN_ADDRESS);

if (!display.begin(SSD13@6_SWITCHCAPVCC, SCREEN_ADDRESS)) {
Serial.println(F("SSD1366 allocation failed"));
for (53)

J

void loop() {




if (!timerRunning && i == 1) {
display.setTextSize(2);
display.setTextColor(WHITE);
display.setCursor(0, 0);
display.print("RTMCD v2.0");
display.display();

¥

if (timerRunning) {
currentTime = millis() - startTime;
double reactionTime = currentTime / 1000;
display.clearDisplay();
display.setTextSize(2);
display.setTextColor(SSD1306_WHITE);
display.setCursor(9, 8);
display.print("T-");
display.print(reactionTime); // Display time in seconds
display.print(" s");
display.display();

// Print timer details in the Serial Monitor
Serial.print("Elapsed Time: ");
Serial.print(reactionTime); // Print time in seconds
Serial.println(" s");

if (currentTime > 700) {
ilglass = false;
digitalWrite(glass, HIGH);

}

if (ilglass) {
digitalWrite(glass, LOW);

. JAVA Code to calculate the VL and STV values

import java.math.*;
import java.util.Scanner;
public
class Atanu {
public
static void main(String[] args) {
float dist, height, 1t, 1lbl, 1b2, target size, 1lb, 1la, la, F,
L, B, C, AA, AL, AZ, DL1, DL2, DL3, DL4, FA, TGB, FCP, RT, TA,
VL, RWVL;
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F 0;
L 0;
FCP = 0;
Scanner sc = new Scanner(System.in);
System.out.println("Enter LT");
1t = sc.nextFloat();
System.out.println("enter target size");
target_size = sc.nextFloat();
System.out.println("enter distance");
dist = sc.nextFloat();
float temp = (float)Math.atan(target_size / dist);
System.out.println(temp);
float A = (float)(Math.atan(target_size / dist) * 60 * 180 / 3.14);
System.out.println("A = " + A);
System.out.println("enter 1bl");
1bl = sc.nextFloat();
System.out.println("enter 1b2");
1b2 = sc.nextFloat();
1b = (1bl + 1b2) / 2;
System.out.println("lb = " + 1b);
1lla = (float)Math.logle(1lb);
System.out.println("lla = " + 1lla);
la = 1b;
System.out.println("Enter reaction time RT");
RT = sc.nextFloat();
System.out.println("Enter age");
TA = sc.nextFloat();
if (la »>= 0.6) {
F = (float)
Math.pow(Math.logl0(4.2841 * Math.pow(la, ©.1556)) + (0.1684 *
Math.pow(la, ©.5867)), 2);
L = (float)
Math.pow(0.05946 * Math.pow(la, 0.466), 2);
} else if (la > 0.00418 && la < 0.6) {
F = (float)Math.pow(1@, 2 * (0.0866 * Math.pow(lla, 2) + (0.3372 *
1lla) - 90.072));
L = (float)Math.pow(10, 2 * (0.319 * 1lla - 1.256));
} else if (la < ©0.00418) {
F = (float)Math.pow(10, (©.346 * 1lla + ©0.056));
L = (float)Math.pow(10, 0.0454 * Math.pow(lla, 2) + (1.055 * 1lla) -
1.782);
}
System.out.println("F = " + F);
System.out.println("L = " + L);
B = (float)(Math.logl0(A) + 0.523);




C =1la + 6;

AA = (float)(0.360 - ((0.0972 * Math.pow(B, 2)) / (Math.pow(B, 2) -
(2.513 * B) + 2.789)));

AL (float)(@.355 - (0.1217 * (Math.pow(C, 2)) / (Math.pow(C, 2) -
(10.40 * C) + 52.28)));

AZ (float)Math.pow((Math.pow(AA, 2) + Math.pow(AL, 2)) / 2.1, 0.5);

DL1 = (float)(2.6 * Math.pow((Math.pow(F, ©.5) / A) + Math.pow(L,
0.5), 2));

System.out.println("B = " + B);

System.out.println("C = " + C);

System.out.println("AA = " + AA);

System.out.println("AL "+ AL);

System.out.println("AZ = " + AZ);

System.out.println("DL1 = " + DL1);

DL2 = DL1 * ((AZ + RT) / RT);

System.out.println("DL2 = " + DL2);

if (TA < 64) {

FA = (float)((Math.pow(TA - 19, 2) / 2160) + 0.99);
} else {
FA = (float)((Math.pow(TA - 56.5, 2) / 116.3) + 1.43);

}

System.out.println("FA = " + FA);

DL3 = DL2 * FA;

System.out.println("DL3 = " + DL3);
TGB = (float)(-0.6 * Math.pow(la, -0.1488));
System.out.println("TGB = " + TGB);
if (1la > -2.4 && 1la < -1) {
M = (float)Math.pow(10, -Math.pow(10, -(0.075 * Math.pow(1lla
2)) + 0.0245));
FCP = (float)(1 - ((M * Math.pow(A, TGB)) / (2.4 * DL1 * (AZ

2)));
} else if (1lla >= -1) {
M = (float)Math.pow(10, -Math.pow(10, -(0.125 * Math.pow(1lla
2)) + 0.0245));
FCP = (float)(1 - ((M * Math.pow(A, TGB)) / (2.4 * DL1 * (AZ
2)));
} else if (1lla <= -2.4) {
FCP = 0.5F;
}
System.out.println("FCP
if (1t < 1b) {
DL4 = DL3 * FCP;
}
else DL4 = DL3;
System.out.println("DL4




VL = (1t - 1b) / DL4;
RWVL = (float)Math.pow(10, -0.1 * VL);
System.out.println("vl value is " + VL);

System.out.println("rwvl value is " + RWVL);

D. Code for Flickering Peripheral Light Sources

void setup() {
pinMode (13, OUTPUT);
pinMode(12, OUTPUT);
Serial.begin(9609);
delay(100);
}
void loop() {
Serial.println("LED is now Blinking");
digitalWrite(13, HIGH);
digitalWrite(12, HIGH); // turn the LED on by making the voltage HIGH
delay(50);
//delay(62.5);
//delay(100);
//delay(166.67);
digitalWrite(13, LOW);
digitalWrite(12, LOW); // turn the LED off by making the voltage LOW
delay(590);
//delay(62.5);
//delay(100);
//delay(166.67);
} //10Hz = 50ms, 8Hz = 62.5 ms, 5Hz = 100ms, 3hz = 166.67ms
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E. Code for GSR Device

##include <SPI.h>
#include <SD.h>
#include "RTClib.h"

RTC_DS3231 rtc;

#define PIN_SPI_CS 4
File myFile;

O 00 NOUVT A WN R

10 const int GSRPIN = AQ;
11 int sensorValue =
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int gsr_average = 0;
int human_resistance
long sum = ©;

const int LED = 5;
int k = 9;

void setup() {
Serial.begin(9600);

pinMode(LED, OUTPUT);

Serial.println("SD card is starting");
SD.begin(PIN_SPI_CS);
if (!SD.begin(PIN_SPI_CS)) {
Serial.println(F("SD CARD FAILED, OR NOT PRESENT!"));
while (1)
5 // stop the program
}
Serial.println(F("SD CARD INITIALIZED."));

Serial.println("RTC is starting");
if (!rtc.begin()) {

Serial.println("Couldn't find RTC");
while (1)

J

}
Serial.println(F("RTC INITIALIZED."));

//rtc.adjust(DateTime(2024, 01, 9, 18, 37,

delay(1000);

myFile = SD.open("gsr.txt", FILE_WRITE);

if (myFile) {
Serial.println(F("Demarkation is done™));
myFile.println("
myFile.close();

}

}

void loop() {
GSR();
RTC();
SDcard();




void SDcard() {
myFile = SD.open("gsr.txt", FILE_WRITE);

if (myFile) {
Serial.println(F("Writing log to SD Card"));

DateTime now = rtc.now();
myFile.print(now.year(), DEC);
myFile.print('-");
myFile.print(now.month(), DEC);
myFile.print('-");
myFile.print(now.day(), DEC);
myFile.print(' ');
myFile.print(now.hour(), DEC);
myFile.print(':");
myFile.print(now.minute(), DEC);
myFile.print(':");
myFile.print(now.second(), DEC);

myFile.print(" -- ");
myFile.print("gsr_average = ");
myFile.print(gsr_average);

digitalWrite(LED, HIGH);

myFile.println(", "); // delimiter between data
myFile.close();

else {
Serial.print(F("SD Card: error on opening file "));
Serial.println("gsr.txt");

void RTC() {
DateTime now = rtc.now();
Serial.print(now.year(), DEC);
Serial.print('-");
Serial.print(now.month(), DEC);
Serial.print('-");
Serial.print(now.day(), DEC);
Serial.print(' ");
Serial.print(now.hour(), DEC);
Serial.print(':");
Serial.print(now.minute(), DEC);
Serial.print(':");




102 Serial.print(now.second(), DEC);

103 Serial.print(" -- ");

104 Serial.print("gsr_average =");

105 Serial.println(gsr_average);

106}

107

108void GSR() {

109 for (int i = @; i < 10; i++) //Average of 10 sensor data represents one
final value.

110 {

111 sensorValue = analogRead(GSRPIN);

112 sum = sum + sensorValue;

113 //Serial.println(sum);

114 delay(5);

115 }

116 gsr_average = sum / 10;

117 delay(500);

118 sum = 0O;

119}

F. MATLAB Code for Feature Extraction from ERP Plots

erp_signal_table = readtable("D:\PhD\CCT vs EEG fq paper\DATA\EEG\EDF
P6\ERP ICA.csv");

erp_signal = erp_signal_table{:, 2};

time = erp_signal_table{:, 1};

erp_data = [time, erp_signal];

plot(time, erp_signal);
title('ERP Signal');
xlabel('Time (s)');
ylabel('Amplitude (pv)');
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baseline_end_time = 0;
baseline_end_index = find(time == baseline_end_time);

% Calculate peak amplitude and latency after stimulus onset
[peak_amplitude, relative_ peak_index] =
max(abs(erp_signal(baseline_end_index:end)));

peak_index = baseline_end_index + relative peak_index - 1; % Get the
correct index in the original signal

peak latency = time(peak_index);

window_start_index = 104;




auc = trapz(time(window_start_index:end),
erp_signal(window_start_index:end)); % If over a specific window, adjust
"time' and 'erp_signal' accordingly

onset_latency = 0;

baseline_value = mean(erp_signal(l:baseline_end_index)); % Assuming
baseline_end_index is known
rise_time = peak_latency - onset_latency;

half _peak_value = 0.5 * peak_amplitude;

half_peak_indices = find(abs(erp_signal(baseline_end_index:end)) >=
half_peak_value);

half_peak_width = time(half_peak_indices(end)) -
time(half peak indices(1));

slope = (peak_amplitude - baseline_value) / (peak_latency -
onset_latency);

[pks, locs] = findpeaks(erp_signal(baseline_end_index:end));
if length(locs) > 1

inter_peak_interval = time(locs(2)) - time(locs(1));
else

inter_peak_interval = NaN; % Not enough peaks to calculate
end

pre_stimulus_end index = baseline end _index - 1;
post_stimulus_start_index = baseline_end_index + 1;

pre_stimulus baseline = mean(erp_signal(1l:pre_stimulus_end_index)); %
Define pre_stimulus_end_index

post_stimulus_baseline = mean(erp_signal(post_stimulus_start_index:end));
% Define post_stimulus_start_index

baseline_shift = post_stimulus_baseline - pre_stimulus_baseline;

window_start_index = 104;
mean_amplitude = mean(erp_signal(window_start_index:end)); % Define window
indices

% Define feature names

feature_names = {'Peak Amplitude', 'Peak Latency (samples)', "AUC', 'Onset
Latency (samples)', 'Rise Time (samples)', 'Half-Peak Width (samples)’,
'Slope', 'Inter-Peak Interval (samples)', 'Baseline Shift', 'Mean
Amplitude'};

% Define corresponding feature values




feature values = [peak amplitude, peak latency, auc,
onset_latency, rise_time,
half_peak width, slope,
inter_peak_interval, baseline_shift,
mean_amplitude];

% Combine feature names and values into a table
features_table = table(feature_names', feature values', 'VariableNames',
{'Feature Name', 'Value'});

% Write the table to a CSV file
writetable(features_table, 'D:\PhD\CCT vs EEG fq paper\DATA\EEG\EDF\Only
P6\erp features.csv');

. MATLAB Code for Feature Extraction from Relative Log Power Spectral Plot

% Load the log power vs. frequency data from a CSV file

data = readtable("D:\PhD\CCT vs EEG fq paper\DATA\EEG\EDF\Only P6\Log
Power vs fq ICA.csv"); % Adjust the path accordingly

frequency = data{:, 1}; % Assuming frequency is in the first column
log power = data{:, 2}; % Assuming log power is in the second column

% Initialize a table to store feature names and values
feature names = {};
feature_values = [];

% 1. Peak Frequency (Dominant Frequency)
[peak _power, peak_index] = max(log power);
peak frequency = frequency(peak_index);
feature_names{end+1} = 'Peak Frequency (Hz)';
feature_values(end+1l) = peak frequency;

% 2. Peak Power
feature_names{end+1} = 'Peak Power (dB)';
feature_values(end+1l) = peak_power;

% Define frequency bands
delta_band = [0.5 4];
theta_band = [4 8];
alpha_band = [8 13];
beta_band = [13 30];
gamma_band = [30 49];

% Function to calculate band power




calculate_band_power = @(band) trapz(frequency(frequency
frequency <= band(2)),

log power(frequency
frequency <= band(2)));

% 3. Band Power for each EEG frequency band
delta power = calculate band_power(delta band);
theta_power = calculate_band_power(theta_band);
alpha power = calculate band power(alpha_band);
beta_power = calculate_band_power(beta_band);
gamma_power = calculate_band_power (gamma_band);

feature_names{end+1} = 'Delta Band Power (dB)';
feature values(end+1) delta_power;

feature_names{end+1} = 'Theta Band Power (dB)';
feature _values(end+1) theta_power;

feature_names{end+1} = 'Alpha Band Power (dB)';
feature_values(end+1l) = alpha_power;

feature_names{end+1} = 'Beta Band Power (dB)';
feature _values(end+1) beta_power;

feature_names{end+1} = 'Gamma Band Power (dB)';
feature_values(end+1) gamma_power;

% 4. Relative Band Power
total power = trapz(frequency, log power);

relative_delta_power = delta_power / total_power;
relative_theta_power = theta_power / total_ power;
relative_alpha_power = alpha_power / total_power;
relative _beta power = beta power / total power;

relative_gamma_power = gamma_power / total_power;

feature_names{end+1} 'Relative Delta Power';
feature_values(end+1) relative_delta_power;

feature_names{end+1} = 'Relative Theta Power';
feature_values(end+1) relative_theta_power;

feature_names{end+1} = 'Relative Alpha Power';
feature_values(end+1) relative_alpha_power;

>= band(1) &

>= band(1) &




feature _names{end+1} = 'Relative Beta Power';
feature_values(end+1l) = relative_beta_power;

feature_names{end+1} = 'Relative Gamma Power';
feature_values(end+1l) = relative_gamma_power;

% 5. Bandwidth of Peak
half peak_power = peak_power / 2;
half_power_indices = find(log_power >= half_peak_power);

bandwidth_of_peak = frequency(half_power_indices(end)) -
frequency(half power_indices(1));

feature_names{end+1} = 'Bandwidth of Peak (Hz)';
feature_values(end+1l) = bandwidth_of peak;

% 6. Spectral Centroid

spectral_centroid = sum(frequency .* log power) / sum(log_power);
feature_names{end+1} = 'Spectral Centroid (Hz)';
feature_values(end+1l) = spectral centroid;

% 7. Spectral Entropy
normalized_power = log power / sum(log_power);
spectral_entropy = -sum(normalized_power .* log(normalized_power + eps));

% +eps to avoid log(9)
feature_names{end+1} = 'Spectral Entropy';
feature_values(end+1l) = spectral_entropy;

% 8. Low-Frequency / High-Frequency Power Ratio
low_frequency power = calculate band power([0.5 8]); % Delta + Theta
high_frequency power = calculate_band_power([30 49]); % Gamma

1001f hf _ratio = low_frequency power / high frequency power;

101feature_names{end+1} = 'LF/HF Power Ratio';

102feature_values(end+l) = 1f_hf_ratio;

103

104% 9. Mean Power

105mean_power = mean(log_power);

106feature_names{end+1} = 'Mean Power (dB)';

107 feature_values(end+1l) = mean_power;

108

109% Combine feature names and values into a table

110features_table = table(feature_names', feature_values', 'VariableNames',
{'Feature Name', 'Value'});

111

112% Write the features table to a CSV file




113writetable(features_table, 'D:\PhD\CCT vs EEG fq paper\DATA\EEG\EDF\Only
P6\Features_fq.csv'); % Adjust the path accordingly

114

115disp('Features extracted and saved successfully.');

H. Code for MS Device

#include <SPI.h>
#include <LoRa.h>
#include <Wire.h>
#include <BH1750.h>
int relay = 6;
int 1 = 9;
float lux = 0;
float luxl = 0;
float avg_lux = 0;
float actual_avg lux = 0;
String msg = "";
BH1750 lightMeter;
//int counter = 0;
void setup() {
Serial.begin(9600);
Serial.println("LoRa Sender is working");
if (!LoRa.begin(433E6)) {
Serial.println("Starting LoRa is failed!");
while (1)

J
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}
pinMode(6, OUTPUT);

Wire.begin();

lightMeter.begin();
Serial.println(F("BH1750 Test"));

void loop() {
digitalWrite(relay, LOW);
Serial.println("LED is ON");
for (1 =0; i< 19; i++) {
delay(10000);
lux = lightMeter.readLightLevel();
luxl = (lux1 + lux);

}
avg lux = lux1 / 18;




luxl = 0;

actual_avg_lux = ((0.000000645577 * (pow(avg_lux, 3))) - (©.000338559
(pow(avg_lux, 2))) + (0©.128392 * avg _lux) + 0.244231);

Serial.print("Light: ");
Serial.print(actual_avg lux);
Serial.println(" 1x");
digitalWrite(relay, HIGH);
Serial.println("LED is OFF");
delay(120000);

msg = "Illuminance is " + (String)actual_avg_lux + "lux";
Serial.print("Sending message ");

Serial.println();

Serial.println(msg);

LoRa.beginPacket();
LoRa.print(msg);
LoRa.endPacket();

msg = "";

Code for UISD Device

##include <SPI.h>
#include <LoRa.h>

#include <SD.h>
#include <RTClib.h>

#define PIN_SPI _CS_1 10
#define PIN_SPI _CS 2 6
#define FILE_NAME "log.txt"
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RTC_DS3231 rtc;
File myFile;

String str="";

void setup()
18 {




pinMode(PIN_SPI_CS_1, OUTPUT);
pinMode (PIN_SPI_CS_2, OUTPUT);
Serial.begin(96090);

if (!rtc.begin()) {
Serial.println(F("Couldn't find RTC"));
while (1);

}

Serial.println(F("Real Time Clock Initialized"));

//Setup for date

if (rtc.lostPower()) {
Serial.println("RTC lost power, lets set the time!");
rtc.adjust(DateTime(F(__DATE_ ), F(__TIME_ )));

}

rtc.adjust(DateTime(2022, 12, 8, 14, 19, 20));

digitalWrite(PIN_SPI_CS_1, HIGH);
digitalWrite(PIN_SPI_CS_2, LOW);
if (!SD.begin(PIN_SPI_CS_2)) {
Serial.println(F("SD CARD FAILED, OR NOT PRESENT!"));
while (1); // don't do anything more:

}

Serial.println(F("SD CARD INITIALIZED."));
Serial.println(F("

digitalWrite(PIN_SPI_CS_1, LOW);
digitalWrite(PIN_SPI_CS_2, HIGH);
Serial.println("LoRa Receiver started");

if (!LoRa.begin(433E6))

{
Serial.println("Starting LoRa failed!");
while (1);

}

Serial.println("LoRa Receiver is working");

void loop()

{
digitalWrite(PIN_SPI_CS_1, LOW);
digitalWrite(PIN_SPI_CS 2, HIGH);
int packetSize = LoRa.parsePacket();




delay(10);

if (packetSize!=0)

{
Serial.println("Received value of illuminance '");
Serial.println(packetSize);
while (LoRa.available())

{
str=str+((char)LoRa.read());

¥

Serial.print(str);

Serial.print("' with RSSI ");
Serial.println(LoRa.packetRssi());

// open file for writing
digitalWrite(PIN_SPI_CS_1, HIGH);
digitalWrite(PIN_SPI_CS_2, LOW);

myFile = SD.open(FILE_NAME, FILE_WRITE);

if (myFile) {
Serial.println(F("Writing log to SD Card"));

// write timestamp

DateTime now = rtc.now();
myFile.print(now.year(), DEC);
myFile.print('-");
myFile.print(now.month(), DEC);
myFile.print('-");
myFile.print(now.day(), DEC);
myFile.print(' ');
myFile.print(now.hour(), DEC);
myFile.print(':");
myFile.print(now.minute(), DEC);
myFile.print(':");
myFile.print(now.second(), DEC);

myFile.print(" "); // delimiter between timestamp and data
// write data

myFile.print("Received Data = ");

myFile.print(str);

myFile.println(", "); // delimiter between data

myFile.write("\n"); // new line
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myFile.close();

} else {
Serial.print(F("SD Card: error on opening file "));
Serial.println(FILE_NAME);

}

str="";

delay(2000); // delay 2 seconds

}

¥

Code for PWM dimming in BAS Enabled Street Light

#include <SPI.h>

#include <Wire.h>

#include <Adafruit_GFX.h>

#include <Adafruit SSD1306.h>

#define SCREEN_WIDTH 128 // OLED display width, in pixels

#define SCREEN_HEIGHT 32 // OLED display height, in pixels

#define OLED_RESET -1 // Reset pin # (or -1 if sharing Arduino reset pin)
#define SCREEN_ADDRESS ©x3C

//< See datasheet for Address; 0x3D for 128x64, 0x3C for 128x32>
Adafruit_SSD1306 display(SCREEN_WIDTH, SCREEN_HEIGHT, &Wire, OLED RESET);

int sensorValue = 0;
int PWMVAL = ©;
int dutyl = 0;

const int ledl 9;
const int led2 10;
const int analogpin = 2;
int duty = 0;

unsigned long ONCycle; //oncycle variable

unsigned long OFFCycle; // offcycle variable got microsecond
float T;

int F;

const i PRO = 8;

const i PROin = 9;

const i COUNTER = 10;
const i COUNTERin = 11;
const i FullGlowin = 12;




int i
int j
int k

void setup() {

Serial.begin(9600);
display.begin(55D1306_SWITCHCAPVCC, 0x3C);
display.clearDisplay();

if (!display.begin(SSD1306_SWITCHCAPVCC, SCREEN_ADDRESS)) {
Serial.println(F("SSD1306 allocation failed"));
for (53)

; // Don't proceed, loop forever

}

pinMode (PRO, OUTPUT);

pinMode (COUNTER, OUTPUT);

pinMode (PROin, INPUT);

pinMode (COUNTERin, INPUT);

pinMode(FullGlowin, INPUT);

pinMode(ledl, OUTPUT);

pinMode(led2, OUTPUT);

pinMode(PulseIN, INPUT);

display.setTextSize(1);
display.setTextColor(WHITE);
display.setCursor(e, 0);
display.println("BAS and PWM");
display.setTextSize(1);
display.setTextColor(WHITE);
display.setCursor(0, 10);
display.println("Control Panel");
display.display();

delay(3000);
}

void loop() {
flag();
Mode();
setPWM();
Oled();

}

void 0led()




display.setTextSize(1);
display.setTextColor(WHITE);
display.setCursor(9, 0);
display.println("POT Value -> ");
display.setCursor(80, 0);
display.println(sensorValue);
display.setTextSize(1);
display.setCursor(0, 12);
display.println("Brightness -> ");
display.setCursor(85, 12);
display.println(dutyl);
display.setCursor(105, 12);
display.println(" %");
display.setTextSize(1);
display.setTextColor(WHITE);
display.setCursor(0, 24);
display.println("Duty Cy. -> ");
display.setCursor(80, 24);
display.println(duty);
display.setCursor(102, 24);
display.println(" %");
display.display();
display.clearDisplay();

}

101void setPWM() {

102

103sensorValue = analogRead(analogpin);
104Serial.println(sensorValue);
105delay(19);

106 PWMVAL = (sensorValue) / 4;
107analoghrite(ledl, PWMVAL);
108analoghrite(led2, PWMVAL);
109dutyl = (100 * PWMVAL) / 255;
110Serial.println(dutyl);
111Serial.println(PWMVAL);
1120NCycle = pulseIn(ledl, HIGH);
1130FFCycle = pulseIn(ledl, LOW);
114Serial.println(ONCycle);
115Serial.println(OFFCycle);

116T = ONCycle + OFFCycle;
117duty = (ONCycle / T) * 100;
118F = 1000000 / T;
119Serial.println(duty);

120}




121

122void Mode() {

123while (i == 1) {

124digitalWrite(PRO, HIGH);

125digitallWrite(COUNTER, LOW);

126if (digitalRead(COUNTERin) == HIGH || digitalRead(FullGlowin) == HIGH)

127break;

128}

129while (j == 1) {

130digitalWrite(PRO, LOW);

131digitallWrite(COUNTER, HIGH);

132if (digitalRead(PROin) == HIGH || digitalRead(FullGlowin) == HIGH)

133break;

134}

135while (k == 1) {

136digitalWrite(PRO, HIGH);

137digitalWrite(COUNTER, HIGH);

138if (digitalRead(PROin) == HIGH || digitalRead(COUNTERin) == HIGH)

139break;

140}

141while (i == 0 & & j == 0 && k == 0) {

142digitalWrite(PRO, HIGH);

143digitalWrite(COUNTER, HIGH);

144if (digitalRead(PROin) == HIGH || digitalRead(COUNTERin) == HIGH ||
digitalRead(FullGlowin) == HIGH)

145break;

146}

147}

148

149void flag() {

150if (digitalRead(PROin) == HIGH) {

1511 = 1;

152} else if (digitalRead(COUNTERin) == HIGH) {

153§ = 1;

154} else if (digitalRead(FullGlowin) == HIGH) {

155k = 1;

156} else {

1571 =

1587

159k

160}

161}




K. Code for Tunable Switching Frequency and Duty Cycle Enabled PWM Generating
System

#include <Arduino.h>

#include <SPI.h>

#include <Wire.h>

#include <Adafruit GFX.h>
#include <Adafruit_SSD1306.h>

#define SCREEN_WIDTH 128 // OLED display width, in pixels
#define SCREEN_HEIGHT 32 // OLED display height, in pixels
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#define OLED_RESET -1 // Reset pin # (or -1 if sharing Arduino
reset pin)

#tdefine SCREEN_ADDRESS ©x3C ///< See datasheet for Address; ©x3D for
128x64, 0x3C for 128x32>

Adafruit_SSD1306 display(SCREEN_WIDTH, SCREEN_HEIGHT, &Wire, OLED_RESET);

const int potFrequencyPin 34, // Analog input pin for frequency control
const int potDutyCyclePin 35; // Analog input pin for duty cycle
control

const int ledPin = 2; // PWM output pin

int potFrequencyValue = 0; // Variable to store frequency value
int potDutyCycleValue = ©; // Variable to store duty cycle value
int frequency = 0;

float dutyCycle = 0;

float brightness = 0;

void setup() {
pinMode(ledPin, OUTPUT);
Serial.begin(9600);
display.begin(SSD1306_SWITCHCAPVCC, 0x3C);
display.clearDisplay();
if (!display.begin(SSD13@6_SWITCHCAPVCC, SCREEN_ADDRESS)) {
Serial.println(F("SSD1366 allocation failed"));
for (53)
; // Don't proceed, loop forever

// Set the PWM frequency to an initial value

int initialFrequency = 1000; // Initial PWM frequency in Hz
ledcSetup(@, initialFrequency, 8); // Channel @, 8-bit resolution
ledcAttachPin(ledPin, 9); // Attach PWM channel to the LED pin




display.setTextSize(1);
display.setTextColor(WHITE);
display.setCursor(9, 0);
display.println("Variable");
display.setTextSize(1);
display.setTextColor(WHITE);
display.setCursor(e, 10);
display.println("Fq & Duty");
display.display();
delay(3000);

void loop() {
// Read potentiometer values for frequency and duty
potFrequencyValue = analogRead(potFrequencyPin);
potDutyCycleValue = analogRead(potDutyCyclePin);
Serial.print("potFrequencyValue -- ");
Serial.println(potFrequencyValue);
Serial.print("potDutyCycleValue -- ");
Serial.println(potDutyCycleValue);

// Map potentiometer values to desired range
frequency = map(potFrequencyValue, 0, 4095, 1000, 30000); // Frequency

range: 1000-30000 Hz

dutyCycle = map(potDutyCyclevalue, 0, 1023, 0, 255); // Duty cycle
range: ©0-255 (8-bit)

brightness = (dutyCycle / 1023) * 100;

// Update PWM frequency and duty cycle
ledcWriteTone(@, frequency); // Set the PWM frequency
Serial.print(frequency);

Serial.println(" Hz");

ledcWrite(@, dutyCycle); // Set the PWM duty cycle
Serial.println(dutyCycle);

Serial.print(brightness);

Serial.println(" %");

delay(500); // Optional delay for smoother adjustments
Oled();
void Oled() {

display.setTextSize(1);
display.setTextColor (WHITE);




display.setCursor(o, 0);
display.println("Frequency -> ");
display.setCursor(80, 0);
display.println(frequency);
display.setCursor(114, 0);
display.println("Hz");
display.setTextSize(1);
display.setCursor(0, 12);
display.println("Brightness -> ");
display.setCursor(85, 12);
display.println(brightness);
display.setCursor (105, 12);
display.println(" %");
display.setTextSize(1);
display.setTextColor(WHITE);
display.setCursor(9, 24);
display.println("Duty Cy. -> ");
display.setCursor(80, 24);
display.println(dutyCycle);
display.setCursor(102, 24);
display.println(" %");
display.display();
display.clearDisplay();

L. Code for Adjacent Control Circuit of the Developed Low-cost, High CRI, BAS
enabled CCT Tunable Humna Centric Smart Street Lighting Luminaire

#include <esp_now.h>
#include <WiFi.h>
#include <math.h>

const int PWM_CHANNEL1 = ©; // ESP32 has 16 channels which can generate
16 independent waveforms

const int PWM_CHANNEL2 =

const int PWM_CHANNEL3

const int PWM_CHANNEL4

const int PWM_CHANNELS5

const int PWM_CHANNELG6

const int PWM_CHANNEL?7

const int PWM_CHANNELS

const int PWM_CHANNELYS

const int PWM_FREQ = 5000; // code uses 5,000Hz




const int PWM_RESOLUTION = 8; // code uses resolution of 5,000Hz

// The max duty cycle value based on PWM resolution (will be 255 if
resolution is 8 bits)

const int MAX_DUTY_CYCLE = (int)(pow(2, PWM_RESOLUTION) - 1);

const int C1_CW = 32;

const int C1_G = 33;

const int C1_WW = 25;

const int C2_CW = 4;
const int C2_G = 2;
const int C2_WW = 15;

const int C3_CW = 3;
const int C3_G = 21;
const int C3_WW = 19;

const int DELAY_MS = 500; // delay between fade increments

// REPLACE WITH THE MAC Address of your receiver
uint8 t broadcastAddress[] = { 0xB@, OxA7, 0x32, 0x14, 0x61l, 0x18 };

// Define variables to store whether duty cycle is properly given
int D11
int D12
int D13
int D21
int D22
int D23
int D31
int D32
int D33
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int varifierl
int varifier2
int varifier3

int CCT1
int CCT2
int CCT3

double Xt
double Yt

double Xa




100
101
102
103
104

double 0.402243;
double 0.1498;
double 0.0428;
double 0.1457;
double 0.6785;
double

double

double
double
double
double
double

double
double

double
double
double
double

double
double
double
double
double
double

// Define variables to store incoming readings
int incomingAnalogl = 0;

int incomingAnalog2 = 0;

int incomingAnalog3 = 0;

int incomingBAS = 0;

// Variable to store if sending data was successful
String success;

//Structure example to send data
//Must match the receiver structure
typedef struct struct_message {

int analogl;

int analog2;

int analog3;

int BAS;




105} struct_message;

106

107// Create a struct_message called dutycyclereading to send whether PWM is
working or not

108struct_message DutyCycleReading;

109

110// Create a struct_message to hold incoming pot readings

111struct_message incomingReading;

112

113esp_now_peer_info_t peerInfo;

114

115// Callback when data is sent

116void OnDataSent(const uint8 t *mac_addr, esp_now_send_status_t status) {

117 Serial.print("\r\nLast Packet Send Status:\t");

118 Serial.println(status == ESP_NOW_SEND_SUCCESS ? "Delivery Success"
"Delivery Fail");

119 if (status == 0) {

120 success = "Delivery Success :)";

121 } else {

122 success = "Delivery Fail :(";

123 }

124}

125

126// Callback when data is received

127void OnDataRecv(const uint8 t *mac, const uint8 t *incomingData, int len)
{

128 memcpy(&incomingReading, incomingData, sizeof(incomingReading));

129 Serial.print("Bytes received: ");

130 Serial.println(len);

131 incomingAnalogl = incomingReading.analogl;

132 incomingAnalog2 = incomingReading.analog2;

133 incomingAnalog3 = incomingReading.analog3;

134 incomingBAS = incomingReading.BAS;

135}

136

137void setup() {

138 // Init Serial Monitor

139 Serial.begin(115200);

140

141 // Set device as a Wi-Fi Station

142 WiFi.mode(WIFI_STA);

143

144 pinMode(C1_CW, OUTPUT);

145 pinMode(C1_G, OUTPUT);

146 pinMode(C1 WW, OUTPUT);




pinMode(C2_CW, OUTPUT);
pinMode(C2_G, OUTPUT);
pinMode(C2_WW, OUTPUT);
pinMode(C3_CW, OUTPUT);
pinMode(C3_G, OUTPUT);
pinMode(C3_WW, OUTPUT);

// Sets up a channel (©-15), a PWM duty cycle frequency, and a PWM
resolution (1 - 16 bits)

ledcSetup(PWM_CHANNEL1, PWM_FREQ, PWM_RESOLUTION);
ledcSetup(PWM_CHANNEL2, PWM_FREQ, PWM_RESOLUTION);
ledcSetup(PWM_CHANNEL3, PWM_FREQ, PWM_RESOLUTION);
ledcSetup(PWM_CHANNEL4, PWM_FREQ, PWM_RESOLUTION);
ledcSetup(PWM_CHANNEL5, PWM_FREQ, PWM_RESOLUTION);
ledcSetup(PWM_CHANNEL6, PWM_FREQ, PWM_RESOLUTION);
ledcSetup(PWM_CHANNEL7, PWM_FREQ, PWM_RESOLUTION);
ledcSetup(PWM_CHANNEL8, PWM_FREQ, PWM_RESOLUTION);
ledcSetup(PWM_CHANNEL9, PWM_FREQ, PWM_RESOLUTION);
ledcAttachPin(C1_CW, PWM_CHANNEL1);
ledcAttachPin(C1_G, PWM_CHANNEL2);
ledcAttachPin(C1_WW, PWM_CHANNEL3);
ledcAttachPin(C2_CW, PWM_CHANNEL4);
ledcAttachPin(C2_G, PWM_CHANNELS);
ledcAttachPin(C2_WW, PWM_CHANNEL6);
ledcAttachPin(C3_CW, PWM_CHANNEL7);
ledcAttachPin(C3_G, PWM_CHANNEL8);
ledcAttachPin(C3_WW, PWM_CHANNEL9);

// Init ESP-NOW

if (esp_now_init() != ESP_OK) {
Serial.println("Error initializing ESP-NOW");
return;

// Once ESPNow is successfully Init, we will register for Send CB to
// get the status of Trasnmitted packet
esp_now_register _send_cb(OnDataSent);

// Register peer

memcpy (peerInfo.peer_addr, broadcastAddress, 6);
peerInfo.channel = 0;

peerInfo.encrypt = false;

// Add peer
if (esp_now _add peer(&peerInfo) != ESP OK) {




191 Serial.println("Failed to add peer");

192 return;

193 }

194 // Register for a callback function that will be called when data is
received

195 esp_now_register_recv_cb(OnDataRecv);

196}

197

198void loop() {

199

200 Serial.println(incomingAnalogl);

201 Serial.println(incomingAnalog2);

202 Serial.println(incomingAnalog3);

203

204 CCT1 = incomingAnalogl;

205 CCT2 = incomingAnalog2;

206 CCT3 = incomingAnalog3;

207

208 CCT1 = map(CCT1, @, 4095, 3076, 9000);

209 CCT2 = map(CCT2, ©, 4095, 3076, 9000);

210 CCT3 = map(CCT3, 0, 4095, 3076, 9000);

211

212 Serial.println(CCT1);

213 Serial.println(CCT2);

214 Serial.println(CCT3);

215

216 if (incomingBAS == 1) {

217 fullglow();

218 Serial.println("Fullglow");

219 else if (incomingBAS == 2) {

220 pro();

221 Serial.println("Pro");

222 varifier3 = 0;

223 else if (incomingBAS == 3) {

224 counter();

225 Serial.println("Counter");

226 varifierl = 0;

227

228

229 // Set values to send

230 DutyCycleReading.analogl = varifieril;

231 DutyCycleReading.analog2 = varifier2;

232 DutyCycleReading.analog3 = varifier3;

233

234 // Send message via ESP-NOW




235 esp _err_t result = esp now send(broadcastAddress, (uint8 t
*)&DutyCycleReading, sizeof(DutyCycleReading));

236

237 if (result == ESP_OK) {

238 Serial.println("Sent with success");

239 } else {

240 Serial.println("Error sending the data");

241 }

242 //Display();

243 delay(DELAY_MS);

244}

245

246void Display() {

247 // Display Readings in Serial Monitor

248}

249

250float colormixing(int CCT) {

251 if (2222 <= CCT && CCT <= 4000) {

252 Xt = ((-0.2661239 * (pow(10, 9) / pow(CCT, 3))) + (-0.2343580 *
(pow(10, 6) / pow(CCT, 2))) + (©.8776956 * (pow(1l@, 3) / CCT)) +
0.179910);

253 if (Xt <= 0.50338) {

254 Yt = ((-0.9549476 * (pow(Xt, 3))) + (-1.37418593 * (pow(Xt, 2))) +
(2.09137015 * (Xt)) + (-0.1674886));

255 } else {

256 Yt = ((-1.1063814 * (pow(Xt, 3))) + (-1.34811020 * (pow(Xt, 2))) +
(2.18555832 * (Xt)) + (-0.20219683));

257 }

258 } else if (4001 <= CCT && CCT <= 25000) {

259 Xt = ((-3.0258469 * (pow(10, 9) / pow(CCT, 3))) + (2.1070379 *
(pow(10, 6) / pow(CCT, 2))) + (©.2226347 * (pow(1l@, 3) / CCT)) +
0.240390);

260 if (Xt <= 0.38405) {

261 Yt = ((3.08175808 * (pow(Xt, 3)) + (-5.87338670 * (pow(Xt, 2))) +
(3.75112997 * (Xt)) + (-0.37001483)));

262 } else {

263 Yt = ((-1.1063814 * (pow(Xt, 3))) + (-1.34811020 * (pow(Xt, 2))) +
(2.18555832 * (Xt)) + (-0.20219683));

264 }

265 }

266

267 Serial.println("Xt and Yt are calculated....™);

268 Serial.println(Xt, 4);

269 Serial.println(Yt, 4);

270




271 // Check for division by zero

272 double denominator = ((Yt - Ya) * (Xc - Xb)) - ((Yc - Yb) * (Xt - Xa));

273 if (fabs(denominator) < 1le-6) { // Small threshold to avoid division by
zero

274 Serial.println("Error: Division by zero in Xm calculation");

275 return -1;

276 }

277

278 Xm ((((Yt - Ya) * (Xc - Xb) * Xa) - ((Yc - Yb) * (Xt - Xa) * Xb) +
((Yb - Ya) * (Xt - Xa) * (Xc - Xb))) / denominator);

279 Ym = ((((Yc - Yb) / (Xc - Xb)) * (Xm - Xb)) + Yb);

280

281 Serial.println("Xm and Ym are calculated....™);

282 Serial.println(Xm, 4);

283 Serial.println(Ym, 4);

284

285 // Blending ratios for sources B and C

286 if (fabs(Xm - Xc) < le-6) { // Check for division by zero

287 Serial.println("Error: Division by zero in rl calculation”);

288 return -1;

289 }

290

291 rl = ((Xb - Xm) / (Xm - Xc));

292 r2 = (rl1 * (Yc / Yb) * (EbM / EcM));

PAE]

294 // Ensure rl and r2 are normalized

295 double Wcl =1 / (1 + rl);

296 double Wc2 = 1 - Wcl;

297

298 Lbm = sqrt((sq(Xb - Xm)) + (sq(Yb - Ym)));

299 Lbc = sqrt((sq(Xb - Xc)) + (sq(Yb - Yc)));

3006 EmM = (EbM + ((Lbm / Lbc) * (EcM - EbM)));

301

302 Serial.println("EmM is calculated....");

303 Serial.println(Wcl, 4);

304 Serial.println(Wc2, 4);

305 Serial.println(Lbm, 4);

306 Serial.println(Lbc, 4);

307 Serial.println(EmM, 4);

308

309 Db = ((EmM / EbM) * (1 / (1 + ((EcM / EbM) * (r2)))));

310 Dc (Db) * (r2);

311

312 // Enforce valid duty cycle ranges

313 Db = constrain(Db, 0, 1);




314 = constrain(Dc, 0, 1);

315

316 Ratios for source A

317 ((Xa - Xt) / (Xt - Xm));

318 ((r3 * (Ya / Ym)) / (EaM / EmM));

319

320 Check and normalize r3, r4

321 if (fabs(l + r4) < le-6) {

322 Serial.println("Error: Division by zero in Dm calculation");

323 return -1;

324}

325

326 Dm = ((Er / EmM) * (1 / (1 + ((EaM / EmM) * (r4)))));

327 (Dm) * (r4);

328

329 Ensure duty cycles are within range

330 constrain(Da, 0, 1);

331 (Db) * (Dm);

332 (Dc) * (Dm);

333

334 constrain(DbT, 0, 1);

335 constrain(DcT, 0, 1);

336

337 Serial.println("Da, Db and Dc are calculated....");

338 Serial.println(Da, 4);

339 Serial.println(Db, 4);

340 Serial.println(Dc, 4);

341 Serial.println(Dm, 4);

342

343 Serial.println("DbT and DcT are calculated....

344 Serial.println(DbT, 4);

345 Serial.println(DcT, 4);

346

347 return Da; // Return the first valid duty cycle (or extend
multiple)

348 return DbT;

349 return DcT,;

350}

351

352void fullglow() {

353 clusterl();

354 cluster2();

355 cluster3();

356}

357




358void pro() {

359 clusterl();

360 cluster2();

361 ledcWrite(PWM_CHANNEL7?,

362 ledcWrite(PWM_CHANNELS,

363 ledcWrite(PWM_CHANNEL9,

364}

365

366void counter() {

367 cluster2();

368 cluster3();

369 ledcWrite(PWM_CHANNEL1,

370 ledcWrite(PWM_CHANNEL2,

371 ledcWrite(PWM_CHANNEL3,

372}

373

374void clusterl() {

375 colormixing(CCT1);

376 D11 = (Da * 100);

377 D12 = (DbT * 100);

378 D13 = (DcT * 100);

379

380 Serial.print("Duty Cycle for clusterl- D11- ");
381 Serial.print(D11);

382 Serial.print("%");

383 Serial.print(" D12- ");

384 Serial.print(D12);

385 Serial.print("%");

386 Serial.print(" D13- ");

387 Serial.print(D13);

388 Serial.println("%");

389

390 D11 = map(D11l, 0, 100, ©, MAX_DUTY_CYCLE);
391 D12 = map(D12, @, 100, ©, MAX DUTY_CYCLE);
392 D13 = map(D13, 0, 100, ©, MAX DUTY_CYCLE);
393

394 ledcWrite(PWM_CHANNEL1, D11);
395 ledcWrite(PWM_CHANNEL2, D12);
396 ledcWrite(PWM_CHANNEL3, D13);
397 varifierl = 1;

398}

399

400void cluster2() {

401 colormixing(CCT2);

402 D21 = (Da * 100);




463 D22 = (DbT * 100);

404 D23 = (DcT * 100);

405

406 Serial.print("Duty Cycle for cluster2-
407 Serial.print(D21);

408 Serial.print("%");

409 Serial.print(" D22- ");

410 Serial.print(D22);

411 Serial.print("%");

412 Serial.print(" D23- ");

413 Serial.print(D23);

414 Serial.println("%");

415

416 D21 = map(D21, ©, 100, ©, MAX_DUTY_CYCLE);
417 D22 = map(D22, ©, 100, ©, MAX_DUTY_CYCLE);
418 D23 = map(D23, @, 100, ©, MAX_DUTY_CYCLE);
419

420 ledcWrite(PWM_CHANNEL4, D21);

421 ledcWrite(PWM_CHANNELS5, D22);

422 ledcWrite(PWM_CHANNEL6, D23);

423 varifier2 = 1;

424}

425

426void cluster3() {

427 colormixing(CCT3);

428 D31 = (Da * 100);

429 D32 = (DbT * 100);

430 D33 = (DcT * 100);

431

432 Serial.print("Duty Cycle for cluster3-

433 Serial.print(D31);

434 Serial.print("%");

435 Serial.print(" D32- ");

436 Serial.print(D32);

437 Serial.print("%");

438 Serial.print(" D33- ");

439 Serial.print(D33);

4409 Serial.println("%");

441

442 D31 = map(D31, @, 100, ©, MAX_DUTY_CYCLE);
443 D32 = map(D32, ©, 100, ©, MAX_DUTY_CYCLE);
444 D33 = map(D33, @, 100, ©, MAX_DUTY_CYCLE);
445 ledcWrite(PWM_CHANNEL7, D31);

446 ledcWrite(PWM_CHANNELS, D32);

447 ledcWrite(PWM CHANNELS, D33);




448 varifier3 = 1;
449}

M. Code for Wireless Handheld Control Circuit used for the Developed Low-cost, High
CRI, BAS enabled CCT Tunable Human Centric Smart Street Lighting Luminaire

#include <esp _now.h>
#include <WiFi.h>

#include <Wire.h>
#include <SPI.h>

#include <Adafruit_GFX.h>
#include <Adafruit SSD1306.h>
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#include <math.h>

#define SCREEN_WIDTH 128 // OLED display width, in pixels

#define SCREEN_HEIGHT 32 // OLED display height, in pixels
#tdefine OLED RESET -1 // Reset pin # (or -1 if sharing Arduino
reset pin)

#tdefine SCREEN_ADDRESS ©x3C ///< See datasheet for Address; ©x3D for
128x64, ©x3C for 128x32>

// Declaration for an SSD1306 display connected to I2C (SDA, SCL pins)
Adafruit_SSD1306 display(SCREEN_WIDTH, SCREEN_HEIGHT, &Wire, OLED_RESET);

// REPLACE WITH THE MAC Address of your receiver
uint8 t broadcastAddress[] = { 0xB@, OxA7, 0x32, 0x13, 0xC4, OxB4 };

// Define variables to store pot readings to be sent
int analogValuel;
int analogValue2;
int analogValue3;

int i LOW;

int j LOW;

int LOW;

int 0;

#tdefine button_pin 36

// Define variables to store incoming readings
int incomingvarifierl = 0;




int incomingvarifier2
int incomingvarifier3

// Variable to store if sending data was successful
String success;

//Structure example to send data
//Must match the receiver structure
typedef struct struct _message {

int analogl;

int analog2;

int analog3;

int BAS;
} struct_message;

// Create a struct_message called BME28OReadings to hold sensor readings
struct_message potReading;

// Create a struct_message to hold incoming sensor readings
struct_message incomingReading;

esp_now_peer_info_t peerInfo;

// Callback when data is sent
void OnDataSent(const uint8 t *mac_addr, esp_now_send_status_t status) {
Serial.print("\r\nLast Packet Send Status:\t");
Serial.println(status == ESP_NOW_SEND_SUCCESS ? "Delivery Success”
"Delivery Fail");
if (status == 0) {
success = "Delivery Success :)";
} else {
success = "Delivery Fail :(";

}
}

// Callback when data is received
void OnDataRecv(const uint8_ t *mac, const uint8_t *incomingData, int len)

{

if (len >= sizeof(incomingReading)) {
memcpy (&incomingReading, incomingData, sizeof(incomingReading));
Serial.print("Bytes received: ");
Serial.println(len);
incomingvarifierl = incomingReading.analogl;
incomingvarifier2 = incomingReading.analog2;
incomingvarifier3 incomingReading.analog3;




} else {
Serial.println("Received data size mismatch");

void setup() A
// Init Serial Monitor
Serial.begin(115200);
display.begin(SSD1306_SWITCHCAPVCC, SCREEN_ADDRESS);
display.clearDisplay();

//set the resolution to 12 bits (0-4095)
analogReadResolution(12);

pinMode (34, INPUT);

pinMode (33, INPUT);

pinMode(32, INPUT);

pinMode(button_pin, INPUT);

// Init OLED display

if (!display.begin(SSD13@6_SWITCHCAPVCC, SCREEN_ADDRESS)) {
Serial.println(F("SSD1366 allocation failed"));
for (53)

J

display.setTextSize(1);
display.setTextColor(WHITE);
display.setCursor(9, 0);
display.println("PWM controller");

// Set device as a Wi-Fi Station
WiFi.mode(WIFI_STA);

// Init ESP-NOW

if (esp_now_init() != ESP_OK) {
Serial.println("Error initializing ESP-NOW");
return;

}

// Once ESPNow is successfully Init, we will register for Send CB to
// get the status of Trasnmitted packet
esp_now_register send cb(OnDataSent);

// Register peer
memcpy (peerInfo.peer addr, broadcastAddress, 6);




125 peerInfo.channel = 9;

126 peerInfo.encrypt = false;

127

128 // Add peer

129 if (esp_now_add_peer(&peerInfo) != ESP_OK) {

130 Serial.println("Failed to add peer");

131 return;

132}

133 // Register for a callback function that will be called when data is
received

134 esp_now_register_recv_cb(OnDataRecv);

135}

136

137void loop() {

138 // Beam Angle Switching Enabling

139 i = digitalRead(button_pin);

140

141 if (i == LOW &% j == LOW && k == LOW) { // FUll glow

142 1=1;

143 else if (i HIGH && j == LOW && k == LOW) { // Pro or Counter

144 = 2;

145 i = 1i;

146 i = 13;

147 else if (i HIGH && j == HIGH && k == LOW) { // Pro or Counter

148 = 3;

149 i = 1i;

150 j = 15;

151 = lk;

152 else if (i HIGH && j == LOW && k == HIGH) { // Full glow

153 i=1i;

154 k = tk;

155

156

157 Serial.print("BAS: ");

158 Serial.println(l);

159

160 analogValuel = analogRead(34);

161 analogValue2 = analogRead(33);

162 analogValue3 = analogRead(32);

163 Serial.println(analogRead(34));

164 Serial.println(analogRead(33));

165 Serial.println(analogRead(32));

166

167 // Set values to send

168 potReading.analogl = analogValuel;




169 potReading.analog2 = analogValue2;

170 potReading.analog3 = analogValue3;

171 potReading.BAS =

172

173 // Send message via ESP-NOW

174 esp _err_t result = esp now send(broadcastAddress, (uint8 t
*)&potReading, sizeof(potReading));

175

176 if (result == ESP_OK) {

177 Serial.println("Sent with success");

178 } else {

179 Serial.println("Error sending the data");

180 }

181 updateDisplay();

182 delay(100);

183}

184

185void updateDisplay() {

186 // Display Readings on OLED Display

187 display.clearDisplay();

188 display.setTextSize(1);

189 display.setTextColor(WHITE);

190 display.setCursor(9, 0);

191 if (incomingvarifierl == 1 && incomingvarifier2 ==
incomingvarifier3 == 1) {

192 display.print("BAS - Full glow");

193 } else if (incomingvarifierl == 0@ && incomingvarifier2 == 1 &&
incomingvarifier3 == 1) {

194 display.print("BAS - Counter™);

195 } else if (incomingvarifierl == 1 && incomingvarifier2 == 1 &&
incomingvarifier3 == 0) {

196 display.print("BAS - Counter™);

197 }

198 delay(250);

199 display.clearDisplay();

200 //display.cp437(true);

201 display.setCursor(9, 0);

202 display.print("Analog vall- ");

203 display.setCursor(40, 0);

204 display.print(analogValuel);

205 display.setCursor(o, 12);

206 display.print("Analog val2- ");

207 display.setCursor(40, 12);

208 display.print(analogValue2);

209 display.setCursor(0, 24);




210
211
212
213
214
215

216
217

218
219

220
221
222
223
224
225
226
227
228
229
230

display.print("Analog val3- ");
display.setCursor(40, 24);
display.print(analogValue3);

// Display Readings in Serial Monitor
if (incomingvarifierl == 1 && incomingvarifier2 == 1 &&
incomingvarifier3 == 1) {
Serial.println("BAS - Full glow");
} else if (incomingvarifierl == 0 && incomingvarifier2 == 1 &&
incomingvarifier3 == 1) {
Serial.println("BAS - Counter");
} else if (incomingvarifierl == 1 && incomingvarifier2 == 1 &&
incomingvarifier3 == 0) {
Serial.println("BAS - Counter");
}
Serial.print("Analog vall- ");
Serial.println(analogValuel);
Serial.print("Analog val2- ");
Serial.println(analogValue2);
Serial.print("Analog val3- ");
Serial.println(analogValue3);
Serial.println(success);

}

. Code for Registering R-G-B values of a Particular CCT using the Developed Novel
CCT Meter using ML Regression Technique
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#include <SPI.h>

#include <Wire.h>

#include <Adafruit GFX.h>
#include <Adafruit_SSD1306.h>

#define SCREEN_WIDTH 128 // OLED display width, in pixels
#define SCREEN_HEIGHT 32 // OLED display height, in pixels

#tdefine OLED_RESET -1 // Reset pin # (or -1 if sharing Arduino
reset pin)

#tdefine SCREEN_ADDRESS ©x3C ///< See datasheet for Address; ©x3D for
128x64, 0x3C for 128x32>

Adafruit_SSD1306 display(SCREEN_WIDTH, SCREEN_HEIGHT, &Wire, OLED RESET);

#tdefine S2 32 /*Define S2 Pin Number of ESP32*/
#define S3 33 /*Define S3 Pin Number of ESP32*/




#define sensorOut 25 /*Define Sensor Output Pin Number of ESP32*/
#tdefine S1 18

#tdefine SO 19

#tdefine OE 5

/*Enter the Minimum and Maximum Values which getting from Calibration
Code*/

int R_Min ; /*Red minimum value*/

int R_Max ; /*Red maximum value*/

int G_Min ; /*Green minimum value*/

int G_Max /*Green maximum value*/

int B_Min ; /*Blue minimum value*/

int B_Max ;  /*Blue maximum value*/

/*Define int variables*/
int Red = 0;

int Red_inst = 0;

int Green = 0;

int Green_inst = 0;

int Blue = 0;

int Blue_inst = 0;

int i = 9;

int redValue = 0;

int greenValue = 0;
int blueValue =
int Frequency =

9;
9;

void setup() {

pinMode(S2, OUTPUT); /*Define S2 Pin as a OUTPUT*/
pinMode(S3, OUTPUT); /*Define S3 Pin as a OUTPUT*/
pinMode(sensorOut, INPUT); /*Define Sensor Output Pin as a INPUT*/
pinMode(S1, OUTPUT);
pinMode(S©, OUTPUT);
pinMode(OE, OUTPUT);
digitalWrite(S1, LOW);
digitalWrite(S@, HIGH);
digitalWrite(OE, HIGH);
Serial.begin(115200); /*Set the baudrate to 115200%*/
display.begin(SSD1306 SWITCHCAPVCC, ©x3C);
display.clearDisplay();
if (!display.begin(SSD13@6_SWITCHCAPVCC, SCREEN_ADDRESS)) {

Serial.println(F("SSD13066 allocation failed"));

for (53)

; // Don't proceed, loop forever




display.setTextSize(1);
display.setTextColor(WHITE);
display.setCursor(9, 0);
display.println("RGB Data");
display.setTextSize(1);
display.setTextColor(WHITE);
display.setCursor(o, 10);
display.println("Logger");
display.display();

delay(3000); /*Wait for 3000mS*/

void loop() {

for (i; i <= 100; i++) {
Red_inst = getRed();
Red = (Red + Red_inst);
Serial.println(Red_inst);
delay(15);

}

Red = Red / 100;

Serial.println(Red);

redvValue = map(Red, R_Min, R_Max, 255, @); /*Map the Red Color Value*/

P = o;

for (i; i <= 100; i++) {
Green_inst = getGreen();
Green = (Green + Green_inst);
Serial.println(Green_inst);
delay(15);

}

Green = Green / 100;

Serial.println(Green);

greenValue = map(Green, G _Min, G_Max, 255, 0); /*Map the Green Color

Value*/
i=0;

for (i; i <= 100; i++) {
Blue inst = getBlue();
Blue = (Blue + Blue_inst);
Serial.println(Blue_inst);
delay(15);

}
102 Blue = Blue / 100;




103 Serial.println(Blue);

104 blueValue = map(Blue, B_Min, B_Max, 255, @); /*Map the Blue Color
Value*/

105 i = o

106

107 Serial.print("Red = ");

108 Serial.print(redValue); /*Print Red Color Value on Serial Monitor*/

109 Serial.print(" ");

110 Serial.print("Green = ");

111 Serial.print(greenValue); /*Print Green Color Value on Serial Monitor*/

112 Serial.print(" ");

113 Serial.print("Blue = ");

114 Serial.println(blueValue); /*Print Blue Color Value on Serial Monitor*/

115 Oled();

116 //delay(1000); /*wait a second*/

117}

118

119int getRed() {

120 digitalWrite(S2, LOW);

121 digitalWrite(S3, LOW);

122 Frequency = pulseIn(sensorOut, LOW); /*Get the Red Color Frequency*/

123 return Frequency;

124}

125

126int getGreen() {

127 digitalWrite(S2, HIGH);

128 digitalWrite(S3, HIGH);

129 Frequency = pulseIn(sensorOut, LOW); /*Get the Green Color Frequency*/

130 return Frequency;

131}

132

133int getBlue() {

134 digitalWrite(S2, LOW);

135 digitalWrite(S3, HIGH);

136 Frequency = pulseIn(sensorOut, LOW); /*Get the Blue Color Frequency*/

137 return Frequency;

138}

139

140void 0led() {

141 display.setTextSize(1);

142 display.setTextColor(WHITE);

143 display.setCursor(9, 0);

144 display.println("R - ");

145 display.setCursor(30, 0);

146 display.println(redValue);




display.setTextSize(1);
display.setCursor(0, 12);
display.println("G - ");
display.setCursor(30, 12);
display.println(greenValue);
display.setTextSize(1);
display.setTextColor(WHITE);
display.setCursor(0, 24);
display.println("B - ");
display.setCursor(30, 24);
display.println(blueVvalue);
display.display();
display.clearDisplay();

O. Code of Calibration of RGB Sensor used in Developed Novel CCT Meter

#define S2 32 /*Define S2 Pin Number of ESP32*/

t#tdefine S3 33 /*Define S3 Pin Number of ESP32*/

#define sensorOut 25 /*Define Sensor Output Pin Number of ESP32*/
#define S1 18

#tdefine SO 19

#define OE 5

/*Define int variables*/
int Red = 0;

int Green = 0;

int Blue = 0;

int Frequency = 0;

1
2
3
4
5
6
7
8
9

void setup() {
pinMode(S2, OUTPUT); /*Define S2 Pin as a OUTPUT*/
pinMode(S3, OUTPUT); /*Define S3 Pin as a OUTPUT*/
pinMode(sensorOut, INPUT); /*Define Sensor Output Pin as a INPUT*/
pinMode(S1, OUTPUT);
pinMode(S©, OUTPUT);
pinMode (OE, OUTPUT);
digitalWrite(S1, LOW);
digitalWrite(S@, HIGH);
digitalWrite(OE, HIGH);
Serial.begin(115200); /*Set the baudrate to 115200%*/
Serial.print("This is TCS3200 Calibration Code");




28 void loop() {
Red = getRed();
delay(200); /*wait a 200mS*/
Green = getGreen();
delay(200); /*wait a 200mS*/
Blue = getBlue();
delay(200); /*wait a 200mS*/
Serial.print("Red Freq = ");
Serial.print(Red); /*Print Red Color Value on Serial Monitor*/
Serial.print(" ");
Serial.print("Green Freq = ");
Serial.print(Green); /*Print Green Color Value on Serial Monitor*/
Serial.print(” ");
Serial.print("Blue Freq = ");
Serial.println(Blue); /*Print Blue Color Value on Serial Monitor*/

int getRed() {
digitalWrite(S2, LOW);
digitalWrite(S3, LOW);
Frequency = pulseIn(sensorOut, LOW); /*Get the Red Color Frequency*/
return Frequency;

int getGreen() {
digitalWrite(S2, HIGH);
digitalWrite(S3, HIGH);
Frequency = pulseIn(sensorOut, LOW); /*Get the Green Color Frequency*/
return Frequency;

int getBlue() {
digitalWrite(S2, LOW);
digitalWrite(S3, HIGH);
Frequency = pulseIn(sensorOut, LOW); /*Get the Blue Color Frequency*/
return Frequency;
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Annexture 2

This part of the thesis describes the steps of calculation of small target visibility or STV, mentioned
in Chapter 4.

Small Target Visibility (STV) represents the average visibility of targets across a roadway area for
a specific traffic direction. It is calculated by averaging the Visibility Level (VL) values at multiple
grid points. VL quantifies the visibility of a target at a specific location for a particular observer
and direction, representing the amount exceeding the visibility threshold. VL is a unitless ratio. To
determine STV for a given grid and traffic direction, VL and Relative Weighted VL (RWVL) must
be calculated for each grid point using the following steps.

Step 1 To initiate the calculation, the target's position within the grid, the observer's location (15
meters away), and the viewing direction are established. The observer is modeled as an adult (20
years old) with normal vision and a fixation time of 0.7 seconds. The target is a flat, 8cm x 8cm
square positioned perpendicularly to the road surface and the observer's horizontal line of sight.
The target exhibits Lambertian reflectance with a value of 0.37.

Target luminance (L¢) is computed for the target's center point. Background luminance (Lp1) is
determined at the pavement point adjacent to the target's base, while background luminance (Ly2)
is calculated at a point beyond the target along the observer's line of sight through the target's top
center. Both Ly; and Ly are calculated as if the observer's viewpoint were slightly elevated (one
degree) above the road surface. In this document, the target's background luminance (Ly) is
determined as the average of Ly1 and Lpa:

Lb = (Lv1 + Li2) /2 (1)

The values L; and L, are then used, together with constants for the target size, observer age, and
fixation time, to calculate visibility level (VL).

Step 2 is about the calculation of the adaptation luminance (L.), the Logio of La (LLa), and the
visual angle (A) in minutes subtended by the target:

La=Lvs+Ly (2)

(Since we have done this experiment in a controlled environment so there is no veiling luminance
Ly)

LL. = Logio(La) (3)
A =tan’! (Target size / Distance observer to target) * 60 4)

For a standard target size of 0.08 meters and an observer distance of 15 meters, the value of "A" is
18.33 minutes.

Step 3 The determination of visual system sensitivity involves assessing how it changes with
varying adaptation luminance levels. This process utilizes one of three specific equations,
depending on the value of La:
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If, L.=>0.6
then, F = [Logi0(4.2841 * L,%15%) + (0.1684 * L,*3%¢7)]?
and L = (0.05946 * L,0466)? (5)
If, 0.00418 <L,<0.6

then. F = 1012+[(0.0866+LL,?)+(1.055%LL4)—0.072]}

and L= 10[2#(0.319+LLy~1.256)]

(6)
If, La<0.00418
then. F = 10[2*(0.346*LLa+0.056)]
and L = 10[(0:0454+LLg?)+(0.3372+LLg)~1.782] )
Step 4 is to determine the intermediate functions using the following equations:
B =Logio(A) +0.523 (8)
C=LL.+6 )
AA=0.360 - {(0.0972 * B?)/[B? - (2.513 * B) + 2.789]} (10)
AL =0.355-{0.1217 * [C*(C? - (10.40 * C) + 52.28)]} (11)
AAZ+AL?
AZ= |[—— (12)
2.1
VF
pLi= 26>+ VL]? (13)

Step 5 The calculation process involves determining the value of M using one of three equations,
contingent upon the value of LL.. Subsequently, the negative contrast adjustment factor (FCP) is
calculated. It's important to note that the accuracy of FCP diminishes when LL. falls below -2.4,
corresponding to an adaptation luminance (La) of less than 0.00418 cd/m?. In practical scenarios
involving negative contrast, such low levels of adaptation are typically not encountered:

If, 24<LLy<-1

_10-{[0.075%(LLg+1)2]+0.0245
then, M= 10710 ( a*D’] : (14)

If, LL,>=-1
10~ {[0.125+(LLg+1)%]+0.0245}

then, M=10" (15)
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If, LL.<=-24

then, FCP = 0.5 (TGB and FCP need not be calculated) (16)
Otherwise,
TGB = -0.6(L,) 438 (17)
M)(A)TGB
FcP=1 — [ X )(AZ+2)] (18)
2.4(DL,)

2

Step 6 is about calculation involves determining an age-based adjustment factor (FA) for the
observer's age (TA), which is 60 years in this document. This factor is then used to adjust the value
of DL accordingly:

DL, =DL; * [(AZ + T)/T] (19)

Step 7 is calculation of the adjustment factor (FA) based on the observer's age (TA), which is 60
years in this document. This factor is then applied to adjust the value of DL:

If, ageis <=64

then, FA = [(TA - 19)%/2160] + 0.99 (20)
If age is over 64

then, FA = [(TA - 56.5)%/116.3] + 1.43 (21)

DL; =DL, * FA (22)

Step 8 is the calculation involves determining an adjustment factor if the target's luminance is
lower than the background luminance (negative contrast):

If Lt is less than Ly
then, DL4 = DL; * FCP (23)
otherwise, DL4= DL; (24)

Step 9 is to calculate VL:
VL = (L - Ly)/DL4 (25)

Step 10 is determination of the relative weighted visibility level RWVL.

Across a roadway, Visibility Level (VL) values can be both positive and negative.

' A magnitude below 1.0 (positive or negative) signifies that the target is below the visibility
threshold for a standard observer with a 0.7-second fixation time. Higher VL values indicate easier
or faster target detectability. However, a direct comparison between VL values is not
straightforward. For instance, a VL of 9.5 at one point and 0.5 at another is not equivalent to two

218



points with an average VL of 5. To address this, Relative Weighted VL is employed. This mcth?d
down weights the influence of extremely high VL valucs in the calculation of the summary metric,
Small Target Visibility (STV). Here, ABS(X) denote the absolute value of *X’.

RWVL = 10[—0.1*ABS(VL)] (26)

the Final Steps After all RWVL values are calculated for all grid points, calculate the Average
RWVL:

ARWVL = (Sum of all RWVL)/ (Number of points in the grid) (27)
Finally, calculate the Weighted Average VL, also known as Small Target Visibility or STV:
STV = Weighted Average VL = -10 * Logio(ARWVL) (28)
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