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ABSTRACT 

 

 

This study introduces a novel approach to exploring the impact of Correlated 

Colour Temperatures (CCTs) on behavioural and neurocognitive performance, 

within the context of human-centric lighting design. Utilizing a virtual reality 

(VR) simulation platform, the research examines how different CCTs influence 

cognitive functions, visual acuity, and task performance. The VR findings are 

validated through the usage of Landolt’s Ring experiment, which measure visual 

acuity, and driving simulation tasks that assess object identification under varying 

lighting conditions. By integrating electroencephalogram (EEG) and galvanic 

skin response (GSR) measurements, the study provides a comprehensive analysis 

of both cognitive and physiological responses to different lighting environments. 

This research contributes to the development of human-centric lighting systems 

that optimize both mental and physical performance, particularly in environments 

demanding high levels of visual and cognitive precision. 

 

 

 

 

Keywords: Correlated colour temperature (CCT), virtual reality (VR), visual acuity, 
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1.1 Introduction: 

Virtual reality has become a highly effective and important tool in the field of 

vision science research. It plays a crucial role in advancing our understanding of 

visual processes by providing immersive and controlled environments for 

experimentation and study. 

In VR, the CCT of virtual lighting can significantly influence the realism and 

comfort of the experience. Higher CCTs can enhance visual clarity and contrast, 

which is particularly important for tasks requiring precision and detailed 

observation. Adjusting CCT in VR can also affect the user’s emotional response 

and immersion. Warmer light can create a more relaxing and comfortable 

atmosphere, while cooler light can increase alertness and focus. 

Visual acuity in VR is the ability to see fine details within the virtual environment. 

High visual acuity is crucial for tasks that require detail recognition, such as 

reading text or identifying small objects. In VR, higher CCT lighting can enhance 

visual acuity by increasing contrast and making fine details more discernible. This 

is particularly important in VR applications that simulate work environments or 

tasks that require precision. 

Peripheral vision in VR is essential for creating a sense of presence and realism. 

It allows users to detect movement and changes in the environment outside their 

direct line of sight, contributing to situational awareness. While peripheral vision 

is less sensitive to fine details, appropriate CCT can improve overall visibility 

and contrast in the periphery, making it easier to detect objects and movement. 

This can enhance the immersive experience by providing more realistic and 

responsive environments. 

Object identification in VR involves recognizing and interacting with objects 

within the virtual space. Accurate object identification is essential for tasks such 

as gaming, training simulations, and virtual design. The CCT of virtual lighting 
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can impact how easily objects are identified. Higher CCTs can improve the 

identification of objects by enhancing contrast and detail, which is crucial for 

tasks that require quick and accurate recognition. The choice of CCT in VR 

affects visual acuity, peripheral vision, and object identification, all of which are 

critical for creating a realistic and functional virtual environment. Higher CCT 

can improve clarity and detail, aiding in tasks that require precision, while 

appropriate lighting can enhance peripheral vision and object identification, 

contributing to a more immersive and interactive experience. The right balance 

of CCT can also affect user comfort and immersion. Warmer light may be more 

suitable for relaxed, exploratory VR experiences, while cooler light might be 

better for task-oriented applications that require focus and detail. 

CCT, visual acuity, peripheral vision, and object identification are all 

interconnected within a VR environment. Properly tuning CCT can enhance 

visual performance, realism, and user comfort, making it a critical factor in the 

design and effectiveness of VR experiences. 

Studying neurocognitive and behavioural performance in both virtual reality 

(VR) and real-world environments provides valuable insights into how cognitive 

functions and behaviours vary across different contexts. VR offers a controlled 

setting that enables researchers to isolate and examine specific variables and 

conditions in detail. Nevertheless, validating these findings in real-world 

scenarios is crucial to ensure they accurately reflect actual behaviours and 

situations. The impact of lighting and correlated colour temperature (CCT) on 

neurocognitive and behavioural performance is significant for both VR 

simulations and real-world applications. In both environments, optimal lighting 

can improve performance by alleviating visual discomfort and enhancing 

cognitive function. While VR allows for precise investigation of these effects, 

real-world studies provide practical applications and validation. 
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2.1 Background of the work: 

Humans possess a wide range of visual and non-visual responses to light where some 

immediate responses are pupil dilation, glare perception, mood etc. Human-centric lighting has 

been integrated and embedded with the thought of light and lighting as the mediators of visual, 

biological, and behavioural responses in human and, also encompassing traditional elements 

of lighting quality, those that are rooted in vision while acknowledging new insights about non 

visual responses to light. 

 

Research into human behaviour in built environments is based on the notion that environments 

have a continuous influence on people. Hence human behaviour and preferences could be 

studied with the help of immersive technology like virtual environments that represents 

realism. These virtual environments allow the researchers and practitioners to manipulate their 

control variables while keeping other design features constant, resulting in more accurate 

experimental settings, and reduced experimental noise. 

Virtual Reality (VR) is a technology that permits immersion of the user within the digital 

content, making them part of the simulated scenario, and replacing the physical world through 

different devices, basically it is an end-to-end mechanism. VR is used in many fields, from 

industrial design, robotics, gaming, to healthcare facilities. Since this technology has an ability 

to immerse participants in the virtual environment and isolate them from the outside world, it 

has great potential for conducting lighting research studies. 

 

Figure 1  Human Centric lighting 
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2.2 Virtual Reality: 

Virtual Reality (VR) is a form of computer-implemented technology that allows a user to 

interact with a 3D artificial visual or sensory environment. The term virtual reality was coined 

in 1987 by Jaron Lanier, whose research and engineering contributed several products to the 

nascent VR industry. The 1950s and 1960s saw the emergence of virtual reality in several 

computing domains, most notably 3-D interactive computer graphics and vehicle/flight 

simulation.  

In 1968 Ivan Sutherland at the University of Utah, with the help of his student Bob Sproull, 

created the first Virtual Reality (VR) and Augmented Reality (AR) head mounted display 

system. Sutherland's head mounted display was so heavy that it had to be suspended from the 

ceiling, and the formidable appearance of the device inspired its name—the Sword of 

Damocles. The system was rudimentary in terms of user interface and realism, with the 

graphics appearing as simple frame rooms for a Virtual Environment. 

On the other hand, augmented reality highlighted the potential for immersive, real-time control 

systems for training and research as well as for enhanced performance. The idea behind 

augmented reality is to create a situation in which the user's environment is enhanced by virtual 

components. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2  

The first Virtual Reality (VR) 

and Augmented Reality (AR) 

Figure 3 

 AR/VR model Meta Quest 3 
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2.3 Human Centric Lighting: 

The essence of human-centric lighting is integrated thinking about light and lighting as 

mediators of visual, biological, and behavioural responses in humans. The phrase encompasses 

much because humans have such a wide range of visual and non-visual responses to light. 

Human-centric lighting is lighting designed to deliver a specified set of visual, biological, and 

behavioural responses identified as appropriate for the users of that lighting. Indeed, this is 

what good lighting has always been. But, with growing knowledge about the role of light and 

lighting on non-visual responses, the lighting community is faced with an expanding set of 

considerations and responsibilities [KW Houser et al]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 This schematic begins with light as a physical stimulus, which is transduced through the neuroanatomical underpinnings of eye–

brain physiology, culminating with visual and non-visual responses. Cones and rods transmit light information via the lateral geniculate 

nucleus (LGN) and intergeniculate leaflet (IGL), continuing to the visual cortex. The melanopsin-containing ipRGCs generate and intrinsic 

melanopsin-driven response and receive extrinsic input from some rods and cones; the signal leaving the ipRGCs is a function of both their 

intrinsic response and extrinsic input. The ipRGCs transmit light information via the retino-hypothalamic tract (RHT) to the suprachiasmatic 

nuclei (SCN), which is the central clock in the brain. Other direct projections of the ipRGCs include the olivary pretectal nucleus (OPN, pupil 

constriction), hypothalamic nuclei (including the ventrolateral preoptic nucleus, involved in sleep regulation) and amygdala (involved in 

emotion regulation). The specific ipRGC-influenced light response will depend on the mediating factors shown to the right. Complexity and 

uncertainty increase from top to bottom 
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To understand how lighting affects work performance, it is essential to identify the three main 

pathways through which lighting influences human performance: the visual system, the 

circadian timing system, and mood and motivation. Figure 5 presents a conceptual framework 

that outlines the factors affecting these pathways and their interactions. 

The most apparent effect of lighting on humans is through vision. Light enables us to see, 

whereas its absence renders us blind. The visual system functions as an image-processing 

system. The eye's optics create an image of the external environment on the retina, where some 

initial processing takes place. Various components of the retinal image are processed by 

different channels as the information travels to the visual cortex in the brain. The magnocellular 

Figure 5   A conceptual framework setting out the three routes whereby lighting 
conditions can influence human performance. The arrows in the diagram 
indicate the direction of effect. 
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channel processes information quickly but with limited detail and no colour, while the 

parvocellular and koniocellular channels handle details related to brightness, colour, and 

texture but at a slower pace. 

The visual system is also spatially organized into two regions: the fovea, which provides fine 

detail, and the periphery, which acts as a detection system, guiding the fovea to specific areas 

of the visual field. Under bright conditions, such as during the day, the entire retina is active. 

However, in low light conditions, like on a moonless night, the fovea becomes non-functional, 

and only the peripheral retina remains active. 

Any visual stimulus can be characterized by five key parameters: visual size, luminance 

contrast, colour difference, retinal image quality, and retinal illuminance. These parameters are 

crucial in determining how effectively the visual system can detect and recognize the stimulus. 

2.4 Visual Acuity:  

Acuity refers to the ability to resolve fine details, which is ultimately constrained by factors 

like diffraction, optical aberrations, and the density of photoreceptors in the retina. There are 

various types of acuity, each corresponding to different levels of visual perception, ranging 

from basic detection to more complex recognition. 

Types of Acuity- 

• Resolution Acuity: This type of acuity is the ability to perceive two separate stimuli in 

the visual field as distinct entities, rather than as a single stimulus. It is measured by the 

smallest angular separation between two stimuli that can still be distinguished, such as 

the separation between two stars at night. Resolution acuity typically measures around 

1 minute of arc. 

• Recognition Acuity: This refers to the ability to correctly identify a visual target, such 

as distinguishing between similar letters like "G" and "C." Recognition acuity is 

commonly tested in clinical settings using letter charts. It generally measures in the 

range of a few minutes of arc. 

• Vernier Acuity: Vernier acuity involves detecting slight misalignments between two 

lines. It is highly precise and is typically measured in the range of a few seconds of arc. 
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2.5 Literature Reviews: 

 

Paper title: “The impact of CCT on driving safety in the normal and accident situation: A 

VR-based experimental study” 

 

Authors:  Xiaojun Li, Jiaxin Ling, Yi Shen, Tong Lu, Shouzhong Feng, Hehua Zhu 

 
Publication details:  Advanced Engineering Informatics 50 (2021) 101379 

Review:  

Co-related colour temperature (CCT) plays a crucial role in the ensurement of driving safety 

which influences visual and non-visual performance but it remains unclear about the influence 

and impact of CCT on visual (reaction time) and non-visual performance (driver fatigue) of the 

subjects (N=30) who are performing driving tasks under normal and accident situation using a 

virtual reality experimental setup of a tunnel simulation. Higher value of CCT shows 

improvement of visual performance. Driving fatigue was an unavoidable consequence when 

driving towards the centre of the tunnel, as evidenced by this discovery. Along with the help of 

VR based framework using Unity3D, data analysis and data collection are done through 

application layer, data layer and physical layer as CCT values are used to map and texture the 

visual environment of the tunnel. In this paper the analyzation of the impact of CCT on drivers 

under normal and accident situation where physical, behavioural and face validities were 

studied. The effect of CCT, CRI and other behavioural and biological studies can the done 

through an AR-VR simulation setup to understand the driving safety overall.  

 

Paper title: “Project starline: a high-fidelity telepresence system” 

Authors: Jason Lawrence, Danb Goldman, Supreeth Achar, Gregory Major Blascovich, 

Joseph G. Desloge, Tommy Fortes, Eric M. Gomez, Sascha Häberling, Hugues Hoppe, Andy 

Huibers, Claude Knaus, Brian Kuschak, Ricardo Martin Brualla, Harrisnover, Andrew Ian 

Russell, Steven M. Seitz, And Kevin Tong 

 

Publication details: ACM Transactions on Graphics Vol 40 (2021) 1–16 

 

Review: 

Telepresence holds an incredible amount of power and opportunities to bring world’s 

increasingly distributed organisations together. A real time fully bidirectional and 

encumbrance-free 3D communication system that reproduces the experience of being 

https://dl.acm.org/toc/tog/2021/40/6
https://dl.acm.org/toc/tog/2021/40/6
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physically co-present with another person at a distance which enables to feel a strong sense of 

presence and connectivity.  

The main objective of this paper is to capture and render 3D audiovisual likeness for achieving 

realism, create a comfortable display with retinal resolution, wide field of view stereopsis and 

motion parallax, lastly to achieve copresence. Incorporation of stereo calculation, 3D face-

tracking, compression geometry fusion via ray-casting to achieve overall efficacy of the system 

and improvement of display architecture and pixel density.  

System implementation-The system comprises two main structures: a display unit housing a 

display, cameras, speakers, microphones, illuminators, and computer, and a backlight unit 

housing an infrared backlight and also serving as a bench seat. Both units contain white LED 

strips angled toward the walls and ceiling to produce soft bounce lighting. The capture 

subsystem consists of three synchronized stereo RGBD capture pods: two above the display, 

and one in the “middle wall” below the display. The lower pod includes an extra colour camera, 

zoomed into the subject’s face. Four monochrome tracking cameras, two above the display and 

one on each side, capture high-speed wide-angle images for real-time 3D localization of the 

eyes, ears, and mouth. The four colour and three depth streams from the RGBD capture pods 

are compressed on the GPU and transmitted alongside tracked3D face points using WebRTC. 

On the receiving side, the three depth streams are rendered from the viewer’s left and right eye 

locations using a novel “image-based fusion” ray-casting algorithm. The four colour texture 

streams are projected onto the fused surface and blended using weights determined from 

smoothed surface normal. 

Here for image-based rendering approach to depict the acquired surface at new views 

reconstruction of illumination or reflectance models are not done instead, it simply interpolates 

the textures from the four colour cameras. A drawback is that surfaces with non-Lambertian 

(e.g., specular) reflectance are rendered incorrectly under non-diffuse lighting and to mitigate 

this the researchers have created a soft lighting environment using indirect bounce sources. On 

the sides and back of the display and backlight units, white LED light strips illuminate the 

surrounding walls, producing a pleasing diffuse source that minimizes sharp highlights. This 

spread-out light is also more comfortable for the user than direct illumination by the bright 

LEDs. 

Furthermore, a controlled, within-subjects experiment has been conducted wherein each 

participant (N=25) engaged in a 5 minutes conversation using both systems and conventional 

videoconferencing. This allowed researchers to statistically test for communication variables 
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and incorporate behavioural measures such as body language and memory recall, in addition 

to self-report data. 

A study of object under different lighting conditions and the effects on human eye and brain, 

lighting design could be realised with this work. 

 

Paper title: “Shopping in virtual reality: A literature review and future agenda” 

 

Authors: Nannan Xi, Juho Hamari 

 

Publication details: Journal of Business Research 134 (2021) 37–58 

 

 

Review: 

Virtual reality is considered as one of technological megatrends progressing the digitisation of 

all areas of human life. Shopping and retail have been considered as one of the most promising 

application areas of VR in business context such as retail giants like Amazon, Ikea, have been 

making effort to embed virtual reality into their e-commerce shopping ecosystem. In this paper 

it has been found that the sensory modalities provide additional information like sense of sound, 

touch, smell, visual output etc. VR shopping can be divided into areas of affection, immersion, 

cognition, attitude, and usability. Generally, consumers can gain positive affective experiences 

in the VR environment such as enjoyment. Conceptually virtual reality and VR shopping have 

been touted to provide disruption and paradigm shifts to shopping, as well as to provide new 

kinds of shopping experiences for consumers. Future research should further investigate on the 

following areas such as the effectiveness and efficiency of VR shopping, exploration of 

moderators and gaining an in-depth understanding boundary conditions ,role of shoppers in VR 

shopping by studying the biological data sets via different sensors and tracking devices where 

physiological indices can provide behavioural study of consumers, Ergonomic considerations 

VR devices where more advanced, lightweight HMD(head-mounted device) in order to provide 

efficiency and comfort for the consumer’s activity, Cybersickness issue induced by VR which 

are nausea ,oculomotor issues disorientation etc., Therefore, future analysts should think about 

implementing more standard and essential intelligence with the objects and the surroundings 

in the simulated virtual shopping environment. Examples of this include developing 

programmes that turn, move, touch, drop, pick, and shake intuitively, as well as employing 

increasingly sophisticated and multifunctional intuitive devices, Expansion of movement space 

with aid of treadmill, technologies like taste and smell sensors, auditory output devices, and 

haptic devices which vibrate, exert forces, or imitate motion in order to replicate more sensory 
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experiences. In general, our perception of the outside world is multimodal by nature, frequently 

incorporating stimuli that are visual, aural, tactile, olfactory, gustatory, and, occasionally, 

nociceptive simulation.  The research extends to various aspects of agility and effectiveness 

and the factors that influence them in virtual reality shopping environments. 

 

Paper title: “The virtualization of human–robot interactions: a user‑centric workload 

assessment” 

 

Authors: Federica Nenna, Valeria Orso, Davide Zanardi, Luciano Gamberini 

 

Publication details:  Virtual Reality (2023) 27:553–571 

 

Review:  

This paper explores the use of virtual reality (VR) in human-robot collaboration (HRC) and its 

impact on performance and workload. It discusses the potential benefits of VR simulations for 

training and familiarizing operators with robotic arms in industrial settings. The study involved 

participants performing a pick-and-place task and an arithmetic task in both virtual and physical 

conditions. Performance data was analysed using generalized linear models (GLMs), and pupil 

size variations were analysed using generalized additive mixed models (GAMMs) and linear 

mixed-effects models (LMERs). The experimental sample consisted of 21 participants (5 

women and 16 men) with normal or corrected-to-normal visual acuity and no neurological or 

psychiatric problems. The participants underwent a training session and then performed tasks 

in both virtual and physical conditions. The tasks included a pick-and-place task and an 

arithmetic task. The order of the conditions was counterbalanced among the participants. After 

each task, participants filled in the NASA-TLX questionnaires. The results showed that VR 

simulations can improve performance in HRC tasks, with participants achieving similar 

learning outcomes compared to standard training methods. The use of VR also reduced mental 

workload, as indicated by pupil size variations. However, some procedural differences between 

the virtual and physical conditions were noted. The findings suggest that VR simulations can 

be effective in training operators for HRC tasks and reducing mental workload. However, the 

study acknowledges the need for highly immersive and advanced virtual devices for large-scale 

implementation in industrial settings. The limitations of the study include differences in eye-

tracking systems and the use of a relatively inexperienced sample. The paper concludes by 

highlighting the implications of the findings for the industrial domain and suggesting potential 

future research directions. 
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Paper title: “An Integrated VR/MR Framework for User-Centric Interactive Experience of 

Cultural Heritage: The ArkaeVision project.” 

 

Authors: Guido Bozzelli, Antonio Raia, Stefano Ricciardi, Maurizio De Nino, Nicola Barile, 

Marco Perrella, Marco Tramontano, Alfonsina Pagano, Augusto Palombini 
 

Publication details: Digital Applications in Archaeology and Cultural Heritage (2019) Vol 

24 e00124 

 

Review: 

The ArkaeVision project aims to create an immersive VR/AR experience for users to interact 

with cultural heritage, combining storytelling, VR, and AR elements for high-quality 3D 

graphics and cultural content. The project focuses on providing a user-centric interactive 

approach, allowing customization for different user profiles and scalability for various cultural 

sites. It aims to enhance the traditional museum experience by reconstructing damaged cultural 

objects through virtuality and providing emotional and involving insights into their stories. 

The full Platform includes a web portal, an application in Virtual reality and an application in 

augmented reality. ArkaeVision is deployed from two contexts of two different technologies which 

are- ArkaeVision Archeo, an experience made with a dedicated HMD related to the Temple of 

Hera II of Paestum as main subject; it uses the VR, where the actual scenario overlaps and 

integrates itself with the 3D reconstruction of the archaeological site. ArkaeVision Art, an 

experience in Augmented Reality (AR) made by using a mobile or a tablet, related to the Tomb 

of the diver of Paestum as main subject; the AR is used to animate the scenes represented in 

the various slabs of the tomb 

The architecture of ArkaeVision platform is organized in five layers. User layer: it refers to all 

possible addresses of the platform that are common user, system administrator, local operator; 

● Hardware layer: it includes all the hardware devices used by the platform; 

● Interface layer (or low-level layer): it represents the drivers to communicate with the 

hardware; 

● Manager layer (or medium level layer): it consists of all the modules dedicated to the 

management; 

● Decision Making layer (or high-level layer): it is really depending by the specific application 

and includes the application logic and the Artificial Intelligence library. 
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Each layer includes one or more modules that can communicate with others using an event-

based system. This means that every action, gesture, and decision made by the end-user it will 

be tracked and put in relation with the game logic and the narrative. Technically, each module 

can be performed by one or more plug-in and it provides at least one. This project also 

incorporates motion capture (mocap) technology to achieve believable animation of body and 

face. This involves using high-speed capture cameras and IR-reflective markers on an actress 

to capture body and facial expressions, which are then blended in real-time by the animation 

engine. Lighting plays an important role in vision so incorporation of human-centric lighting 

to this project and also the inclusion of an updated lighting sensors could be a future scope of 

this work. 

 

Paper title: “Visionary VR: An Optical Simulation Tool for Evaluating and Optimizing 

Vision Correction Solutions in Virtual Reality” 

 

Authors: Benedikt W. Hosp, Martin Dechant, Yannick Sauer, Bjorn Severitt, Rajat 

Agarwala and SiegfriedWahl 

 

Publication details:  Sensors (2024), Vol 24, Page 2458 

 

Review:  

In the evolving field of vision science, conventional research methods often fall short in 

accurately simulating and evaluating vision correction techniques, leading to lengthy and 

restrictive evaluations. To address these issues, we present ‘Visionary VR,’ a virtual reality 

(VR) simulation framework designed to improve optical simulation accuracy and expand 

research capabilities. Visionary VR utilizes an adaptable VR environment to accommodate 

dynamic vision tasks and includes comprehensive eye-tracking features. The experiment 

manager’s scene-loading capability provides a scalable and flexible research platform. Initial 

validation through an empirical study has shown Visionary VR’s effectiveness in replicating 

various visual impairments and assessing vision correction solutions effectively. The results 

highlight a notable enhancement in evaluating vision correction methods and user experience, 

demonstrating Visionary VR’s potential to revolutionize vision science research by bridging 

theoretical concepts with practical applications. This validation confirms Visionary VR’s role 

in overcoming traditional methodological limitations and establishing a robust foundation for 

innovation in vision science research. 
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3.1 A Landolt’s based experimental design for abstract studies in connection 

with human-centric lighting: 

Vision, which is the most complex of our senses, is arguably the most crucial mechanism for 

perceiving the world around us. It emerges from the intricate interaction between the eye and 

the brain. Through vision, we form perceptions, and from these perceptions, we construct our 

individual realities, all of which are significantly influenced by the luminous environment. 

Understanding this process is essential for designing environments that support optimal visual 

experiences. Viewing the eye and brain as a unified system offers the best approach to 

comprehending the biological mechanisms that enable vision. 

The Landolt C, also referred to as a Landolt ring, Landolt broken ring, or Japanese vision test, 

is a standardized symbol used in vision testing, known as an optotype, developed by Swiss 

ophthalmologist Edmund Landolt in the late 19th century, this symbol consists of a ring with a 

gap, resembling the letter "C." The Landolt ring test consists of a series of rings, each with a 

gap oriented in one of the four cardinal directions such as left, right, top, bottom, or at 45 degree 

angles. The key aspect of the Landolt ring is this gap. The gap's angular size determines the 

critical detail, while the critical contrast refers to the luminance contrast between the ring and 

its background. One practical advantage of using the Landolt ring chart as a standard vision 

test is its versatility; it can be reproduced in large quantities across various media, with the gap 

size and contrast easily adjustable. The task for the person being tested is to identify the 

direction of the gap. As the test progresses, the size of the ring and its gap gradually decreases 

until the person reaches a specified error rate. The smallest angle at which the gap can still be 

detected is used to measure visual acuity. Commonly used in laboratory settings, the Landolt 

C has become a standard tool in ophthalmology and vision research for its effectiveness in 

accurately assessing visual sharpness. 

The experiment is designed to investigate how varying correlated colour temperatures (CCTs) 

influence visual acuity and physiological responses. By utilizing EEG and galvanic skin 

response (GSR) measurements, the study aims to assess the effects of different lighting 

conditions on both visual performance and physiological reactions in real time, as well as to 

validate these findings in a simulated virtual reality environment. 
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3.1.1 Experimental setup and procedure: 

3.1.1.1 Participants- Five participants (n=5), all postgraduate students from Jadavpur 

University’s Electrical Engineering department with normal or corrected to normal vision, 

participated in the study. They were fully briefed on the task and gave their consent before the 

experiment. All the participants were university postgraduate students, with ages ranging from 

24 to 27 years. The study included 4male participants and 1 female participant, with an average 

age of 25.5 years. 

3.1.1.2 Experimental design- The experiment involves using Landolt rings to assess the effect 

of different correlated colour temperatures (CCTs) on visual performance. Each Landolt ring 

has a height of 1 cm and a gap of 0.2 cm, and they are printed on a 14x10 matrix sheet, totalling 

140 rings per sheet. The study examines four CCT variations: 3000K, 4000K, 5000K, and 

6000K. To minimize bias, the placement of the Landolt rings varies for each CCT condition. 

Participants are tasked with identifying the Landolt C rings with a gap on the right side. Each 

chart contains 40 Landolt C rings, and there are no time constraints, as the test is participant-

driven test.  

 

3.1.1.3 Experimental setup- The experiment was conducted in the Illumination Engineering 

Laboratory within the Department of Electrical Engineering, Jadavpur University. To 

investigate the effects of correlated colour temperature (CCT) on neurocognitive and 

behavioural performance, a Wi-Fi enabled, dimmable, CCT controllable 12-watt LED light 

Figure 6  Landolt ring chart Figure 7  A visualisation of the Landolt ring featuring 
the gap(0.2cm) and the symbol’s height(1cm). 
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source subtended at height of 1 m from the working plane. To prevent direct light from entering 

the observer's eyes and to improve visual comfort and clarity, a black conical-shaped paper was 

used as a baffle around the light source, thus reducing the distraction of excessive brightness. 

The dimension of the working plane is 8m x 6m. Forty-eight grid points were marked on the 

working plane, spaced 0.5 meters apart, with rows labelled A to H and columns numbered 1 to 

6. In accordance with IS 3646 standards, the nadir point on the working plane is located at E4. 

3.1.1.4 Experimental procedure- Four different CCT settings—3000K, 4000K, 5000K, and 

6000K were examined and the CCT values were verified using a Calorimeter CL-70F. The 

light source was initially set to 100% intensity and connected to Wi-Fi for CCT control. Lux 

levels at each grid point on the working plane were measured with a lux meter. Neurocognitive 

and behavioural performance under varying CCTs was assessed using EEG and GSR. In the 

Landolt ring task, participants identified rings with gaps oriented to the right. The time taken 

and errors made under each lighting condition were recorded, alongside EEG and GSR data to 

monitor neural and electrodermal activity. 

3.1.1.5 Data recording- Twenty sets of data were collected from the experiment, as five 

participants performed tasks under four different CCTs. Initially, a 2-minute conditioning 

period was conducted, with participants spending one minute with their eyes closed and one 

minute with their eyes open. Following the conditioning phase, the task commenced. Two key 

events were marked in the EEG recordings: one at the start of the task and another at the end. 

These markers were used to calculate the reaction time of the participants. Data from EEG, 

GSR, and the simulation output were gathered for further analysis. 
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Figure 8 Landolt C ring experiment in progress 
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3.2 A Landolt’s based virtually simulated experimental design in connection 

with human-centric lighting: 

The aim of this experiment is to replicate the Landolt’s experiment performed previously in 

real time and the validation of the same in a virtually simulated environment by using EEG and 

to tally out the data and to establish that virtual reality is a powerful and valid tool for human 

centric lighting research purposes. 

3.2.1 Experimental setup and procedure: 

3.2.1.1 Participants- Five participants (n=5), all postgraduate students from Jadavpur 

University’s Electrical Engineering department with normal or corrected to normal vision, 

participated in the study. They were fully briefed on the task and gave their consent before the 

experiment. All the participants were university postgraduate students, with ages ranging from 

24 to 27 years. The study included 4 male participants and 1 female participant, with an average 

age of 25.5 years. 

3.2.1.2 Experimental design- To validate the experiment, an exact replication of the real-time 

experiment discussed in the previous chapter was developed in Unity using the High Definition 

Render Pipeline (HDRP) version. Initially, the Landolt C charts from the real-time experiment 

were precisely recreated and coded in C# using Unity's code editor, Microsoft Visual Studio 

Code. In the code, the directions of the gap in the Landolt C were represented as 90 degrees, -

90 degrees, 180 degrees, and 0 degrees, corresponding to the gap being oriented up, down, left, 

and right, respectively. To accurately simulate the lighting conditions, the photometric 

properties of an LED light source were implemented by importing its IES file into the Unity 

project. As the experiment involves four variations of CCT—3000K, 4000K, 5000K, and 

6000K—the Landolt C charts were numbered 1, 2, 3, and 4 accordingly. For instance, when 

the 3000K CCT is applied, chart number 1 is displayed. During the experiment, users must 

select the correct Landolt C, and the system records the selection time, the position of the 

Landolt C (indicated by row and column in the matrix), and outputs this data for analysis. 

3.2.1.3 Experimental setup- The experiment was performed in illumination engineering lab in 

the department of electrical engineering, Jadavpur university. At first the EEG device was 

placed onto the scalp of the participant meticulously following the 10-20 system by placing the 

electrodes at the correct points. Then the VR set meta quest 2 through which the VR simulation 
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is seen set onto the participants accordingly to their comfort. Then GSR electrodes are worn on 

the left hand specifically on the index and middle finger. 

 

3.1.1.4 Data recording- Twenty sets of data were collected from the experiment, as five 

participants performed tasks under four different CCTs. Initially, a 2-minute conditioning 

period was conducted, with participants spending one minute with their eyes closed and one 

minute with their eyes open. Following the conditioning phase, the task commenced. Two key 

events were marked in the EEG recordings: one at the start of the task and another at the end. 

These markers were used to calculate the reaction time of the participants. Data from EEG, 

GSR, and the simulation output were gathered for further analysis. 
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3.3 Experimental Workflow: 
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4.1 Experimental Results: 

 

 

 
 

  

Figure 12  utput of a subject under 3000K in    simulation 
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Figure 13  utput of a subject under 4000K in    simulation 
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Figure 14  utput of a subject under 5000K in    simulation 
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Figure 15  utput of a subject under 6000K in    simulation 
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The colour of a light source is determined by its spectral composition and the optical power 

associated with each wavelength. The physical property of light relevant to colour vision is the 

spectral power distribution (SPD). An SPD specifies the amount of power contained at each 

wavelength within the visible spectrum, typically ranging from approximately 400 to 700 nm. 

In practice, spectral power distributions are measured at discrete sample wavelengths, which 

allow for a detailed characterization of how the light source's power is distributed across 

different colours. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16  pectral power distribution of 3000K, 4000K, 5000K and 6000K obtained from CL 70F 
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5.1 Experimental Analysis: 

 

 

  Table 1 Total number of Landolt C selected by subjects under four CCTs in    simulated experiment 

Table 2 Total number of Landolt C selected by subjects under four CCTs in real life experiment 
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5.2  alvanic  kin Response    R  Analysis: 

Electrodermal Activity (EDA), also known as Galvanic Skin Response (GSR), measures 

changes in the electrical properties of the skin, which vary with emotional arousal and stress. 

As the body sweats and skin conductance increases under such conditions, EDA is computed 

by applying a small current between two electrodes placed on the skin and measuring the 

resulting resistance. The EDA signal comprises two main components: the  kin Conductance 

Level   CL , which represents the slow, long-term changes in skin conductance (tonic 

response), and the  kin Conductance Responses   CR , which reflect rapid, event-related 

changes (phasic response). The SCL is used for assessing baseline statistics such as mean and 

standard deviation, as it provides a stable measurement unaffected by transient peaks. In 

contrast, the SCR is utilized for detecting immediate arousal responses. EDA, alongside heart 

rate, is considered a highly effective signal for discriminating between different emotional 

states and stress levels. 

 

 

  

Figure 17  alvanic  kin  esponse (   ) workflow 
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Figure 18a CCT vs     average graph for    experiment 

Figure 18b CCT vs     average graph for real time experiment 

Based on the GSR average plot, it is evident that the electrodermal activity is higher under 

5000K and 6000K colour temperatures compared to 3000K and 4000K. This suggests that 

participants experienced greater emotional arousal or physiological responses under the 

cooler lighting conditions (5000K and 6000K) than under the warmer ones (3000K and 

4000K). 
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5.3 Electroencephalogram  EE   Analysis: 

The human brain is composed of millions of neurons that play a crucial role in controlling the 

body's behaviour in response to internal and external motor and sensory stimuli. These neurons 

act as information carriers, facilitating communication between the brain and the rest of the 

body. To understand cognitive behaviour, researchers analyse signals or images from the brain, 

which can provide insights into various motor and sensory states such as eye movement, lip 

movement, memory recall, attention, and hand clenching. Each of these states is associated 

with specific signal frequencies, which help to decipher the functional behaviour of the brain's 

complex structure. Electroencephalography (EEG) is an effective tool for capturing brain 

signals corresponding to these various states by recording electrical activity from the scalp 

surface, offering valuable data for understanding brain function 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 19     analysis workflow [ . Chakraborty et al.] 

] 
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Event-related potentials (ERPs) are small electrical voltages in the brain generated in response 

to specific stimuli, detectable through EEG. They reflect time-locked changes in brain activity 

associated with sensory, motor, or cognitive events, offering a non-invasive method to study 

mental processes. ERPs are categorized into sensory  exogenous  components, which appear 

within the first 100 milliseconds of a stimulus and are influenced by its physical properties, 

and cognitive  endogenous  components, which occur later and reflect the brain's evaluative 

and processing activities. These waveforms are described by their latency (timing) and 

amplitude (strength), providing valuable insights into how the brain processes and responds to 

information.  

 

 

The 10-20 system, introduced by Herbert Jasper at the 1957 Brussels IV International EEG 

Congress, was developed to standardize the placement of EEG electrodes on the scalp. The 

numbers "10" and "20" refer to the distances between adjacent electrodes, which are either 10% 

or 20% of the total distance across the skull (measured front-to-back or right-to-left). This total 

distance is determined using key anatomical landmarks on the scalp: the nasion and inion (for 

the front-to-back direction) and the two preauricular points (for the right-to-left direction). 

Based on these landmarks, the electrode positions are determined by applying these specific 

proportions: the first electrode is placed 10% of the total distance from the anatomical 

Figure 20  chematic illustration of  xcitatory and  nhibitory Post  ynaptic Potential 
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landmark, and subsequent electrodes are placed 20% apart from one another. For instance, the 

Fp1 electrode is positioned 10% of the total distance from the nasion, and the Fz electrode is 

positioned 20% of the distance from Fp1. 

  

Figure 21 10 20 system of     electrode placement 

Figure 22 An illustration of human brain anatomical structure 
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Different brain waves—alpha, beta, and gamma—are active across various brain lobes and play 

distinct roles in cognitive and sensory processes. Here is a summary of their functions in each 

of the four main brain lobes: 

1.  rontal Lobe: 

o Alpha Waves- Typically present during relaxed, wakeful states, but are less 

prominent when the brain is actively engaged in tasks. 

o Beta Waves- Strongly associated with active thinking, problem-solving, and 

decision-making. Beta activity increases in the frontal lobe during tasks that 

require focus and cognitive engagement. 

o  amma Waves- Linked to high-level cognitive functions, such as attention and 

complex problem-solving. The frontal lobe shows heightened gamma activity 

during higher-order thinking and working memory tasks. 

2. Parietal Lobe: 

o Alpha Waves- Commonly observed in relaxed states, particularly with eyes 

closed, reflecting the inhibition of unnecessary sensory processing. 

o Beta Waves- Active during sensory processing and motor control. The parietal 

lobe exhibits increased beta activity during tasks that involve spatial awareness 

and sensory integration. 

Figure 23 Types Brain wave frequency   
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o  amma Waves- Play a key role in integrating sensory information and spatial 

processing. Gamma activity in the parietal lobe is associated with attention to 

sensory stimuli and the perception of spatial relationships. 

3. Temporal Lobe: 

o Alpha Waves- Less prominent compared to other regions, as the temporal lobe 

is primarily involved in processing auditory information. 

o Beta Waves- Present during auditory processing and language tasks, with beta 

activity linked to understanding and processing speech and sounds. 

o  amma Waves- Essential for advanced auditory processing and the integration 

of auditory and language-related information. Increased gamma activity in the 

temporal lobe is connected to complex auditory processing and memory 

retrieval. 

4.  ccipital Lobe: 

o Alpha Waves- Prominent in the occipital lobe, especially when the eyes are 

closed and visual processing is minimal, indicating a relaxed, alert state. 

o Beta Waves- Less common but can appear during active visual tasks or 

cognitive processing of visual information. 

o  amma Waves- Vital for visual processing, including the perception of visual 

stimuli and the integration of visual details. Gamma activity in the occipital lobe 

is associated with processing complex visual information. 

Each brain wave type contributes to different cognitive and sensory processes, with their 

presence and intensity varying across brain regions and depending on the specific tasks being 

performed. 
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Figure 24 P D curve at 3000K 

 

Figure 25 P D curve at 3000K (  ) 

Analysis- From the power spectral density curve, it is evident from the peak that alpha 

wave active here for both cases. 
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Figure 26 P D curve at 4000K (  ) 

Figure 27 P D curve at 4000K 

Analysis-  ere peak at both 10 15hz and 20 25hz observed both alpha and beta wave is 

active here for both cases. 
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Figure 29 P D curve at 5000K (  ) 

Figure 28 P D curve at 5000K 

Analysis-  ere peak at both 10 15hz and 20 25hz observed. both alpha and beta wave is 

active here for both cases. Concentration and brain engagement also improved here. 
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Figure 30 P D curve at 6000K 

Figure 31 P D curve at 6000K (  ) 

Analysis- Here peak at both 10-15hz and 20-25hz observed. both alpha and beta wave is 

active here for both cases. Concentration and brain engagement also improved here. 
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Figure 32  vent related potential (  P) plot for 6000K 
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6.1 Introduction to the human-centric street lighting design: 

Human-centric street lighting design focuses on optimizing outdoor lighting to enhance the 

well-being, safety, and comfort of people in urban environments. Unlike traditional street 

lighting, which primarily aims to illuminate roads and paths for visibility, human-centric 

lighting considers the biological, psychological, and social effects of light on humans.  

The fundamental requirements for road-lighting design, as outlined by the Indian standard 

(IS1944), primarily emphasize several key principles and classifications which include the 

level and type of lighting adopted for a street based on traffic importance for both vehicular 

and pedestrian, type of luminaires, pole arrangement, luminaire distribution, uniformity, 

illuminance level. However, the safety and comfort of road users significantly decline after 

dark, especially on roads with inadequately constructed and maintained lighting. 

 

 

Figure 33 Basic types of street light arrangement 
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A road lighting configuration refers to the arrangement and design of streetlights to ensure 

optimal illumination of roadways for safety, visibility, and efficiency.  

Key aspects of road lighting arrangements are- 

mounting height, Overhang, angle of tilt, spacing between two poles, road width, kerb side. 

 

 

Driving necessitates continuous decision-making based on sensory information. The primary 

goal of lighting for motorized traffic is to improve the motorist's visual performance, visual 

comfort, and alertness. A crucial visual task for pedestrians is identifying obstacles. Sufficient 

obstacle detection in street lighting is a necessary preventative measure against trip hazards 

and collisions. (W. van Bommel, Road Lighting) 

Hence design criteria which should be taken into considerations are- 

a) Visibility: Ensuring clear visibility of the road and its surroundings.  

b) Visual  uidance: Providing clear identification of road shapes, including bends, curves, 

and changes in road widths.  

c)  bstacle Identification: Enabling the clear detection of obstacles.  

d) Visual Comfort: Maintaining the driver's comfort by considering the entire visual field, 

which includes the carriageway, surrounding areas, road signs, the sky, and luminaires.  

Figure 34 A basic street light con guration 

 



 46 

 

e)  niform Lighting: Ensuring the street lighting appears continuous and uniform. In 

continuous road lighting design three different criteria are applied which are illuminance 

criteria, luminance criteria and Small Target visibility criteria. 

In road lighting design few aspects are taken into considerations which are-  

a) Energy Efficiency: Achieved through the selection of efficient lamp technologies and smart 

design practices.  

b) Capital Cost  avings: Through proper spacing and placement of lighting fixtures.  

c)  aintenance Cost Reduction: By using long-lasting lamps and optimizing their spacing.  

d) Reduced  lare and Enhanced Visibility: Ensured by carefully selecting luminaires and 

lamps.  

e) Increased  ecurity: By choosing efficient systems and incorporating thoughtful design, 

making areas feel safer and more secure.  

f) Economic  evelopment: Lighting contributes to the perception of economic growth within 

communities.  

g) Improved  afety: Enhancing the safety of motorists, cyclists, and pedestrians, along with 

better traffic guidance and creating a more pleasant environment. 

 

 

 

 

 

 

 

 
Figure35   lance behaviour during driving  
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6.2 Introduction to the VR based experimentation in connection with 

human-centric street lighting design: 

Virtual reality (VR) facilitates spatial presence by providing users with a feeling of being 

psychologically present while physically being present elsewhere. Virtual Reality (VR) is a 

powerful tool for experimenting with and designing human-centric street lighting systems. By 

simulating real-world environments, VR allows researchers and designers to evaluate the 

impact of different lighting scenarios on human perception, comfort, and safety without the 

need for physical installations. In the context of human-centric street lighting, VR-based 

experimentation allows for the controlled examination of numerous parameters such as 

visibility, glare, uniformity, and visual comfort etc. Participants can explore virtual streetscapes 

and test various lighting designs and setups. This method enables the evaluation of how lighting 

effects pedestrian and driver behaviour, obstacle identification, and overall sense of safety. 

Furthermore, VR experimentation helps to integrate human-centric principles by simulating 

dynamic lighting circumstances that change depending on the time of day, weather, and user 

presence. This aids in the refinement of designs that not only meet technical specifications but 

also improve human well-being and pleasure. Using VR, designers can make informed 

judgements and optimise lighting. For studying pedestrian and driver behaviour the effect of 

CCT, small target visibility, reaction time to identify objects, driving fatigue, contrast, visibility 

level etc could be understood in a more realistic and economical way through VR as road 

lighting addresses different types visual tasks [W Adrian]. 

Task performance influenced by lighting conditions are through three pathways which are the 

visual system, the circadian timing system, and through changes in mood and motivation. In 

order to study the behavioural and neurocognitive performance under different street lighting 

conditions one of them being varying CCT given a visual task to be performed, human 

responses could be obtained by studying brain activity with EEG, electrodermal activity with 

GSR, reaction time and to feel the sense of realism, VR plays a crucial role here. Lighting plays 

a direct and indirect role in driving. At night time both rod and cones contribute and participate 

in the visual performance as well as in the visual periphery of the night time low light level 

applications [CHI 2020].  
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Driving involves three simultaneous tasks: 

1. Positional Level: Routine actions like steering and speed adjustments to stay within 

the road. 

2.  ituational Level: Adjusting speed or direction in response to changes in the road or 

environment. 

3.  avigational Level: Selecting and following the route from start to destination. 

 

Peripheral vision, though not as sharp as foveal vision, plays a crucial role in observation and 

reading [Rosenholtz, R. (2016)]. While the fovea provides the highest visual acuity, peripheral 

vision covers everything visible outside the foveal focus [Frey, N. W. (1932)] Visual acuity, 

resolution, and colour perception decline the further an object is from the point of focus. 

Despite being less distinct, peripheral vision is essential for detecting motion, which enhances 

our ability to perceive objects [Solso, R. L. (1996)]. At an arm's length, peripheral vision can 

only resolve a few tenths of points per inch, compared to the fovea's ability to discern several 

thousand points. [Johnson, J. (2010)] 

 

 

 

 

 

 

  

Figure 37 An illustration of foveal, parafoveal, near peripheral and peripheral vision 

Figure 36 An illustration of viewing angle during driving  
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7.1  IALux Experimental  esign: 

7.1.1 Methodology: 

DIALux is a lighting design software in which indoor, outdoor street light, daylight, emergency 

lighting designs are simulated.  

Designing a human-centric street lighting system with DIALux is essential for several reasons 

when setting up a virtual reality (VR) simulation such as - 

▪ Accurate Lighting  esign: DIALux allows precise modelling of real-world lighting 

conditions, ensuring that the virtual environment closely matches what would be 

experienced in real life scenario. This accuracy is essential for VR simulations where 

the lighting affects user perception and interaction. 

▪  tandards Compliance: DIALux enables compliance with relevant lighting standards 

(like IS1944 in your case), ensuring that the design meets safety, visibility, and comfort 

criteria. This is vital in VR simulations where realistic and human-centric lighting 

conditions are necessary for a true-to-life experience. 

▪  etailed Photometric Analysis: DIALux provides detailed photometric data (like 

illuminance, uniformity, and glare) that can be directly applied in the VR simulation. 

This ensures that the lighting behaves realistically, affecting how users perceive and 

navigate the virtual space. 

▪ Customization and  lexibility: DIALux offers extensive customization options, such 

as selecting different luminaires, adjusting pole heights, and configuring light 

distribution. These details are important for creating specific scenarios in VR 

simulations, allowing for testing under various conditions. 

▪ Enhanced  ser Experience: A well-designed lighting setup enhances the VR 

experience by improving visual comfort and realism. Human-centric lighting, which 

considers factors like colour temperature and light distribution, is critical in VR 

environments to simulate the desired ambiance and ensure user comfort. 

▪  oundation for VR Integration: By creating a detailed and accurate lighting design 

in DIALux, you establish a solid foundation that can be imported or replicated in the 

VR environment. This integration ensures consistency between the design phase and 

the simulation, making the VR experience more reliable and effective for testing or 

demonstration purposes. 
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Figure 38 Philips B P130 L D88 

In summary, DIALux is utilized to develop an accurate, standards-compliant lighting design 

that serves as the foundation for creating realistic and effective human-centric street lighting 

simulations in VR. 

To create a human-centric street lighting design in DIALux, the following steps were followed: 

1  Road  urface and Illuminance Class- 

• A 2-lane tarmac road surface was selected, classified under IS1944 standards.  

• The A1 illuminance class was chosen for this design. 

2  Luminaire  election-  

• A 70-watt, 8800-lumen cool white LED luminaire from Philips was selected.  

• This luminaire was imported into the DIALux street lighting project using the luminaire 

finder.  

              

 

3   treet Light Arrangement- 

• A staggered street light arrangement (referred to in DIALux as "double row with 

offset") was chosen.  

Dimensional drawing 
Luminaire image  

Figure 39  treet light Arrangement  
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4  Pole Arrangement-  

• The poles were arranged with a mounting height of 8 meters.  

• The spacing between consecutive poles was set to 30 meters, calculated according to 

IS1944 to meet design requirements. 

 

5  Additional  pecifications-  

• The overhang of the luminaire was set at 0.5 meters.  

• The distance of the pole from the roadway was 1 meter.  

• The tilt angle was set to 0 degrees.  

• The boom length was set to 1.5 meters. 

 

The above configuration ensures that the street lighting design aligns with the required 

standards and provides effective illumination for the roadway. After the design requirements 

and criteria have been met according to the standards, this street lighting design is now ready 

for implementation in a VR simulation, as discussed in the following section. 

Figure 40 Pole arrangement  

Figure 41 Additional pole arrangements  



 53 

 

7.1.2 DIALux report: 

 

 

  

Figure 42  alue chart 1 

Figure 43  alue chart 2 



 54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44  alue chart 3 

Figure 45 3D view of street lighting design in D ALux 
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7.2   ITY Experimental  esign: 

In this experimental setup, the Unity game engine's High-Definition Render Pipeline (HDRP) 

version was utilized for its advanced real-time 3D rendering and support for IES files 

containing photometric data for luminaires. This study aims to assess how CCT influences 

visual cognition, reaction time, peripheral vision, and physiological responses (such as brain 

activity and electrodermal response) in a simulated driving environment using virtual reality. 

By analysing these factors, the experiment seeks to understand the optimal lighting conditions 

for enhancing driver safety and performance in human-centric street lighting systems. 

 

7.2.1 Simulation Design: 

• 3  Asset Preparation and Customization- All 3D assets were sourced from the Unity 

Asset Store and customized accordingly. 

•  caling- In Unity, a single unit corresponds to one cubic meter in real life, allowing the 

simulation modelling to be accurately aligned with real-world design parameters. 

• Pole  esign- The poles were modelled to align with the specifications from the 

DIALux design, featuring a spacing of 30 meters between poles and a mounting height 

of 8 meters. 

• Photometric  ata- The project used an IES file to provide photometric information, 

including the staggered pole arrangement, as outlined in the DIALux design. This IES 

file was imported and set as the IES profile in the Unity project. 

• Luminous  istribution- A cone pattern was selected for the luminaire’s light 

distribution, with the inner and outer angles determined by the pole height and spacing. 

In this setup, the inner angle is 75 degrees, and the outer angle is 150 degrees. 

• Vehicle and  bstacle  odelling- A sedan car model was imported from Unity asset 

store for the driving simulation, and 30cm x 30cm cubes were created to represent 

obstacles. These cubes were coloured black, white, and grey. 

•  riving simulation setup- The simulation involved a 6-minute driving session, with 

each CCT (3000K, 4500K, and 6000K) lasting 2 minutes. Participants drove a 3D-

modeled sedan, and to enhance realism, a first-person camera was positioned at 1 meter 

to simulate the driver’s eye level since drivers viewing angle is 2 degrees. The 

simulation was designed to mimic a real-world driving scenario, with a first-person 
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camera view set at eye level to enhance realism. The experiment recorded the number 

of objects identified, the visibility distance (fixed at 50 meters based on a 1-meter eye 

height and 2-degree vision), stop time, sight time, and stop distance, which were tracked 

along the z-axis as the car moved. The simulation was coded in C# using the Unity-

supported Microsoft Visual Studio Code editor. 

 

 

 

 

  

  

1 2 3 

 
 

 

 

1

2

3

Figure 46  imulation design in Unity   1) Poles with photometric parameters; 2)  edan car model for driving 
simulation in Unity; 3) Design parameters section  

Figure 47  imulation in action inside Unity    
1)  imulation driving scene with  rst person camera view; a)  bject;  
3) CCT change from 3000K (c) to 4500K(b)  
3) CCT change from 4500K (e) to 6000K(e) 
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7.2.2 Experimental setup and procedure: 

7.2.2.1 Participants- Eight participants (n=8), all postgraduate students from Jadavpur 

University’s Electrical Engineering department with normal or corrected to normal vision, 

participated in the study. They were fully briefed on the task and gave their consent before the 

experiment. All the participants were university postgraduate students, with ages ranging from 

24 to 27 years. The study included 7 male participants and 1 female participant, with an average 

age of 25.5 years. 

7.2.2.2 Simulation experiment setup- The experiment took place in the illumination engineering 

laboratory of the Electrical Engineering Department. The setup included a Meta Quest 2 VR 

headset, a 14-channel EEG device from EMOTIV, a lab-built GSR device, and two laptops, 

one for running the simulation and the other for recording EEG data. To begin, each participant 

was fitted with the Meta Quest 2 headset, ensuring it was comfortable. Prior to this, the 14-

channel EMOTIV EEG device had been fully charged, and the felt pads were soaked in a saline 

gel solution as per the manual's instructions and according to 10-20 system the EEG electrodes 

were placed onto the scalp of participants. The GSR electrodes were attached to the 

participant's left hand, specifically on the index and middle fingers. The EEG device was then 

connected to a laptop via Bluetooth, where the EMOTIV Pro software was pre-installed. 

Following this, the Meta Quest 2 was connected to the laptop using an Oculus Link cable. EEG 

recording began with a 2-minute baseline data collection—1 minute with the participant's eyes 

closed and 1 minute with eyes open. The simulated task then commenced, with events marked 

at the start and end to capture the EEG activity. 
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  T 4500 

  T 6000 

Figure 48  irtual  eality street light simulation under three CCTs 
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7.2.2.3 Driving simulation task-  

▪ Participants were placed in a virtual sedan car, which they drove along a continuous 

stretch of road OF 6 MINUTE DRIVE. The driving simulation was divided into three 

segments, each lasting 2 minutes, corresponding to different CCTs: 3000K, 4500K, and 

6000K. 

▪ The task required participants to identify obstacles (30cm x 30cm cubes) placed along 

the road. These obstacles were coloured black, white, and grey to assess the impact of 

different CCTs on visibility and object recognition. 

▪ Participants were instructed to drive, identify obstacles, and respond by braking or 

pausing when an obstacle was recognized. The interaction was designed to simulate 

real-world driving conditions and measure the participants' response times and 

accuracy. 

 

7.2.2.4 Data recording- The virtual reality experiment tracked the number of obstacles 

identified, the distance at which each obstacle became visible, and additional metrics such as 

stop time, sight time, and stop distance. It also monitored physiological responses, including 

brain activity (via EEG) and electrodermal response (via GSR), throughout the task. Two key 

events were marked in the EEG recordings: one at the start of the task and another at the end. 

These markers were used to calculate the reaction time of the participants. 
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Figure 49  irtual  eality driving simulation experiment in progress 
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7.3 Experimental Workflow: 
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8.1 Result and Analysis: 

 

 

  

3000K CCT; Black cube

3000K CCT;  rey cube

3000K CCT;  hite cube

4500K CCT; Black cube

4500K CCT;  rey cube

4500K CCT;  hite cube

6000K CCT; Black cube

6000K CCT;  rey cube

6000K CCT;  hite cube

Figure 50  irtual  eality driving simulation experiment in progress under three different CCTs (3000K, 4500K, 
6000K) with three different coloured cubes placed for object detection (Black,  rey,  hite).  

 

 

Figure 51  bject appearance order in simulation 
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Figure 52a  xperimental response output from    simulation 
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Figure  

z 

Analysis- As we can see from the data under 4500K and 6000K subjects identified objects 

better than 3000K. Here 0 -5 is under 3000K, 6- 11 is under 4500K and 12-17 is under 6000K. 

The negative value in the stop distance indicates the number of missed objects and the response 

time is the difference between stop time and sight time. 

Figure 52b  xperimental response output from    simulation 
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Figure 53 Power  pectral Density vs Frequency 

Figure 54  vent related potential plot of    
streetlight simulation  

Table 3     average values of eight subjects 
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CHAPTER 9 
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9.1 Conclusion: 

In this thesis two main kinds of study regarding human centric lighting in which the effect of 

CCT in neurocognitive and behavioural performance are observed. lighting research can be 

also done in a virtually simulated environment this being validated with the real time 

experiment is also observed here. First and foremost, effect of CCT in Landolt’s based 

experiment where under four different kinds of CCT 3000K, 4000K, 5000K and 6000K in real 

time and virtually studied where reaction time, neurocognitive data which EEG data and 

electrodermal data which is GSR data are studied. It was found that under higher CCTs i.e, 

5000K and 6000K where alpha and beta waves were prominently observed, with notable 

activity in the frontal and occipital regions of the brain. The average GSR data aligned with the 

EEG findings, indicating improved performance under 5000K and 6000K lighting conditions. 

Additionally, it was noted that alertness progressively heightened with an increase in correlated 

colour temperature (CCT). Both real-time and virtual simulations yielded consistent results. 

In the second part of the research, a virtual human-centric street lighting simulation was 

conducted under three different CCTs: 3000K, 4500K, and 6000K. This study focused on 

testing peripheral vision by having participants identify cuboidal objects on the road. The 

results, based on EEG, GSR, and response data, indicated that under 4500K and 6000K, 

especially at 6000K, the maximum number of objects was successfully identified. This 

suggests that higher CCTs enhance peripheral vision and object detection in driving scenarios. 

Thus, it can be concluded that human-centric lighting research can effectively be conducted in 

a virtually simulated environment. While real-time projects demand significant resources, VR 

offers a cost-effective and scalable tool for preliminary studies, allowing researchers to refine 

and expand their work before committing to large-scale experimentation. 
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9.1  uture scope: 

In future research, additional biological parameters such as pulse oximeter and eye tracking 

could be incorporated alongside EEG, GSR, and VR to gain deeper insights into human-centric 

lighting. These tools would allow for a more comprehensive understanding of how lighting 

affects physiological responses and cognitive functions. 

The next step for the street lighting experiments would be to conduct real-time experimental 

validations of the VR simulations. This would help confirm the findings and ensure that the 

virtual results accurately reflect real-world scenarios. 

Data analysis can be further refined by employing more sophisticated methods, such as the 

Welch’s method and k-nearest neighbours (KNN) algorithm, to enhance the accuracy and 

reliability of the results. 

Since lighting plays a crucial role in our daily lives, the applications of virtual reality extend 

beyond research and into areas like training, education, space exploration, and medical 

research, where it can be a valuable tool for innovation and discovery. 
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 PO  X  14        
                    

The    headset features 14 channels, including AF3, F7, F3, FC5, T7, P7,  1,  2,
P8, T8, FC6, F4, F8, and AF4, with C   D L references at P3 P4 and alternative
references at the le  right mastoid process. The sensors use saline soaked felt
pads. Connectivity is wireless via Bluetooth Low  nergy, with support for
Bluetooth 5.0 in upcoming updates, and a proprietary U B receiver operating in
the 2.4  z band. U B is also available for changing headset settings and using an
extender. The    signals are sampled sequentially through a single ADC, with a
sampling rate of 2048, down sampled to 128 or 256  P . The resolution is 0.51  
in 14 bit mode and 0.1275  in 16 bit mode. The bandwidth ranges from 0.16 to
43 z, with digital notch  lters at 50 z and 60 z, and a built in digital 5th order
 ync  lter. The dynamic range is 8400   (pp), and the signals are AC coupled. The
motion sensor includes the  C  20 48   U, providing normalized, 4D quaternions
with 16 bit resolution. Available detections include up to four pre trained mental
commands, performance metrics like excitement, engagement, relaxation,
interest, stress, and focus, as well as facial expressions such as blinking, winking,
surprise, frowning, smiling, clenching, laughing, and smirking. The headset is
powered by a 5 5mAh internal lithium polymer ba ery, offering up to 12 hours of
ba ery life with the U B receiver and up to 6 hours with Bluetooth Low  nergy.
The device weighs 170g and measures  x 15 x 15 cm, with limited beta support
for Ubuntu and  aspberry Pi, subject to   changes.

 PO  X  14        
                    

The product details include 4 AA ba eries required, which are included
with the item.  t has dimensions of 26 x 18.7 x 12.6 cm and weighs 830.07
g. The release date is 25 August 2021, and the A   is B0    T8  . The
item model number is 8   00182 02, manufactured by  eta  uest under
the brand   TA. The net quantity is 1 count, and the included
components are a   headset, 2 controllers, and a charger. The generic
name for this product is a  irtual  eality  eadset.  torage is 128  B.
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 alonix 12 wa  bulb 
Base  B22, Color temperature  6500K, with high
lumens 1150Lm
 deal for reading, working
5 star rating L D Bulb
Light distribution is greater than 300 degree
Provide high surge protection of 3 K (Fluctuation
Proof), wide operating voltage ( 0 300 , 50 z)


