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ABSTRACT 
Sports hall buildings are widely utilized as fitness facilities where the occupants can engage in physical activities to promote their 
health and well-being. Lighting system within the sports hall buildings must therefore meet several requirements, including those 
for the emerging non-visual lighting metrics, in support of the health and well-being requirement. Inaccurate prediction of non-
visual lighting metrics in such spaces can lead to suboptimal lighting design, potentially affecting the performance and overall 
experience. Existing validation studies in the literature mostly focused on office buildings, which have fundamentally different 
characteristics compared to sports facilities. This research thus focuses on the assessment of accuracy of multispectral lighting 
simulation workflows for the scenarios of electric lighting in sports halls. Field measurements of vertical illuminance and spectral 
irradiance were conducted at five badminton courts in a sports hall, which were compared with simulations using Lark. Calibration 
was conducted by adjusting the lower-bound wavelength values and applying calibration factors to each spectral channel in Lark. 
After calibration, the percentage error of vertical illuminance was reduced to an acceptable level of -0.4% to +1.5%. Overall, this 
study highlights the importance of incorporating accurate simulation input and calibrated multispectral tools in sports hall 
lighting design. 
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1. INTRODUCTION  

1.1. Non-visual effects of light 
Beyond its role in vision, light also acts as a biological signal that 
influences various human functions. Light can significantly affect 
physiological responses and alertness in humans, with effects that 
vary depending on the time, quantity, duration, and wavelength of 
exposure [1]. These non-visual effects are primarily mediated 

through intrinsically photosensitive retinal ganglion cells 
(ipRGCs), which send signals to areas of the brain that regulate 
circadian rhythms, hormone secretion, and sleep-wake cycles. 
Consequently, light exposure can affect melatonin suppression, 
mood regulation, cognitive performance, and overall well-being 
[2], with short-wavelength (blue) light shown to be particularly 
effective in stimulating these responses [3,4].  

 
 
*Corresponding author. 
tnurhuda@gmail.com (T. Nurhuda); rizkiam2002@itb.ac.id (R. A. Mangkuto); jsarwono@itb.ac.id (J. Sarwono); amingontar26@gmail.com (G. 
Amin); wenye.hu@sydney.edu.au (W. Hu); ozgur.gocer@sydney.edu.au (O. Gocer); arianna.brambilla@sydney.edu.au (A. Brambilla) 

Received 20 February 2026; Revised 8 April 2026; Accepted 11 April 2026; Published online 19 July 2026 

Copyright: © 2026 by the Author(s). Licensee Solarlits Limited (Hong Kong). This is an open access article distributed under the terms and 
conditions of the Creative Commons Attribution (CC BY) license. 

Citation: Tiara Nurhuda, Rizki A. Mangkuto, Joko Sarwono, Gontar Amin, Wenye Hu, Ozgur Gocer, Arianna Brambilla, Assessing the Accuracy of 
Multispectral Simulation Tools for Predicting Non-Visual Lighting Metrics in Sports Hall Building, Journal of Daylighting, 13:2 (2026) 410-430. 
doi: 10.15627/jd.2026.23 

OPEN ACCESS 

Journal of Daylighting 

Journal homepage: www.solarlits.com/jd 

 

 
 

https://dx.doi.org/10.15627/jd.2026.23
mailto:tnurhuda@gmail.com
mailto:rizkiam2002@itb.ac.id
mailto:jsarwono@itb.ac.id
mailto:amingontar26@gmail.com
mailto:wenye.hu@sydney.edu.au
mailto:ozgur.gocer@sydney.edu.au
mailto:arianna.brambilla@sydney.edu.au
https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.15627/jd.2026.23
https://solarlits.com/jd/
https://crossmark.crossref.org/dialog/?doi=10.15627/jd.2026.23&domain=pdf


T. Nurhuda et al. Journal of Daylighting / Volume 13, Issue 2 / 19 July 2026 411  

https://dx.doi.org/10.15627/jd.2026.23 

As research on these mechanisms advanced, it became evident 
that conventional photometric quantities are insufficient to 
describe the physiological impact of light on humans.   

Conventional light measurement relying on photopic 
illuminance is unable to represent the complexity of the biological 
response it elicits [5,6], primarily because they do not account for 
the distinct spectral sensitivities of each photoreceptor type 
(ipRGCs, rods, and three types of cones) [7,8]. Therefore, new 
metrics have been introduced to account for the spectral sensitivity 
of different photoreceptors. 

A system of α-opic irradiances was introduced by [9] to address 
the challenges in quantifying light based on its non-visual effects. 
This approach allows illuminance to be evaluated according to its 
effective impact on each of the five known human photopigments 
(opsins). With further refinements, this methodology has been 
formalized in the CIE S 026 standard as part of an SI-compliant 
metrology framework. In this system, α-opic equivalent daylight 
illuminance such as mel-EDI as shown in Equation (1).   

mel EDI = ∫𝐸𝐸𝑒𝑒(𝜆𝜆)𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚(𝜆𝜆)d𝜆𝜆
0.0013262

     (1) 

Here, Smel (λ) represents the melanopic action spectrum, and 
0.0013262 is the melanopic efficacy for the D65 standard 
illuminant [7]. Mel-EDI is the level of photopic illuminance to the 
eye caused by D65, which is required to produce the same 
excitability of ipRGCs as the light source under consideration.  

Besides mel-EDI, two metrics have been designed to assess the 
effects of light on the human circadian system include circadian 

stimulus (CS). Unlike mel-EDI, which provides a direct measure of 
the melanopic effectiveness of light, CS indicates the degree to 
which the light can suppress melatonin hormone production, 
which is essential in maintaining healthy circadian rhythms. While 
CS considers both response magnitude and spectral sensitivity [10], 
[11]. CS and CL calculated based on spectral irradiance and vertical 
illuminance measurements with CS Calculator 2.0 [12] considering 
the spectral sensitivity of the circadian system and is expressed as 
a value between 0 and 0.7. Moreover, the CSt,f depends on time t 
and circadian light exposure CLA as shown in Equation (2).   

CS𝑡𝑡,𝑓𝑓 = 0.7 × �1 − 1

1+�𝑡𝑡×𝑓𝑓×CL𝐴𝐴
355.7

�
1.1026�    (2) 

Variable t is the duration factor measured in hours, and is a 
continuous variable from 0.5 to 3.0, Variable f is the distribution 
factor, depending on the spatial distribution of the light source 
used in the experiment, which is taken as 1.0 in this study. The CLA 
equation depends on light source spectral irradiance, melanopsin 
sensitivity (corrected for crystalline lens transmittance), S-cone 
fundamental, macular pigment transmittance, and photopic and 
scotopic luminous efficiency function [11].   

Many studies address non-visual effects in office environments, 
due to their high economic value [13-18]. However, similar 
attention has not been given to sports environments, even though 
athletes' visual and physiological performance is also greatly 
affected by light exposure. Unlike office workers who experience 
relatively stable lighting conditions, athletes are often exposed to 
dynamic, high-intensity lighting that can affect visual comfort and 
circadian responses [19], making sports facilities an essential but 
under-researched context in non-visual lighting research [20].  
 

1.2. Sports lighting 

Sports hall buildings are widely used as fitness facilities, providing 
spaces for people to engage in physical activities that support their 
health and well-being. In many indoor sport activities, the lighting 
system within the sports hall building or playing court area must 
meet several requirements relevant to the needs of the sport [21]. 
For example, in badminton sport, optimal lighting should be able 
to provide adequate visual performance throughout the court area, 
so that the shuttlecock can be clearly seen by players, umpires and 
spectators, both when the shuttlecock is on the floor and when it is 
hovering at various heights above the court. In addition, the 
lighting systems also need to have a low glare index to maintain 
visual comfort of the players [22]. However, understanding and 
optimizing these effects require validation studies that reflect the 
unique spatial and lighting characteristics of sports environments.  

Existing validation studies have primarily examined the accuracy 
of spectral simulation tools in office-based environments [23]. 
However, their findings cannot be directly transferred to sports 
facilities, where lighting conditions, spatial configurations, and 
user behaviour differ substantially.  

  NOMENCLATURE 

CLA Circadian light 
CS Circadian stimulus 
CSt,f Circadian stimulus as a function of exposure 

duration and distribution 
Ee(λ) Spectral irradiance at wavelength 

𝜆𝜆 (W/m²/nm) 
Ev Vertical illuminance (lx) 
Eev,sim Simulated vertical illuminance (lx) 
Ev,meas Measured vertical illuminance (lx) 
Eeλ,sim Simulated spectral irradiance at wavelength 𝜆𝜆 

(W/m²/nm) 
Eeλ,meas Measured spectral irradiance at wavelength 

𝜆𝜆 (W/m²/nm) 
F Calibration factor for each spectral channe 
Kcd Luminous efficacy constant (683 lm/W) 
mel-EDI Melanopic Equivalent Daylight Illuminance 
NRMSE Normalized root mean square error (–) 
PE Percentage error (%) 
R Ratio between measured and simulated 

vertical illuminance 
SPD Spectral power distribution 
λlo Lower bound wavelength of spectral channel 

(nm) 
λlo,ori Original lower bound wavelength of spectral 

channel (nm) 
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Offices typically have lower ceiling heights (2.5~3 m), uniform 
lighting conditions, and a mix of daylight and electric light sources. 
In contrast, sports halls have high ceilings (10~16 m), fully electric 
lighting setups, and asymmetrical LED floodlights with strong 
directional light distributions. Additionally, typical office workers 
engage in relatively static tasks, whereas athletes constantly move, 
requiring precise vertical illuminance levels to ensure visibility at 
various heights and angles. The study of [24] on sports lighting 
simulations emphasizes that lighting uniformity, glare control, 
and dynamic movement adaptation must be accounted for 
separately from conventional office lighting validation models.  

This understanding is particularly relevant in lighting design for 
sports environments which has a major impact on top-class sports 
and recreational sports activities. Top-class sports require venues 
that are designed for top performance, both in terms of 
competition and training [25]. Athletes are particularly vulnerable 
to the negative effects of light on their physical and mental 
performance as they often exercise under these conditions for long 
periods of time [26-27]. In addition to improving visual comfort 
and performance, well-designed lighting environment in sports 
hall supports athletes' circadian rhythms, improving sleep, 
recovery and general health. Proper lighting can help maintain 
concentration, quick reactions anoffid a balanced circadian cycle, 
allowing players to perform optimally during matches [28-29].  

The application of information on ipRGC and its function in the 
regulation of circadian rhythms is particularly relevant for sports 
environments. Many factors, including light exposure, stress, sleep 
habits, body temperature, physical activity, hormone production 
and diet all have significant impacts on circadian rhythms [30-32].  
To design lighting that supports visual performance and 
physiological well-being in sports facilities, accurate multispectral 
modelling and simulation are required because photopic metrics 
alone are insufficient to evaluate the non-visual effects of light.  

Recent bibliometric analysis shows that most of the scientific 
research on badminton is heavily focused on the fields of health 
(54.9%) and sports medicine (16.4%). Although the engineering 
discipline is beginning to emerge at 12.3% [33], there is a significant 
professional gap in integrating technical solutions to practically 
support these medical findings on the field. Post-occupancy 
evaluation studies reveal that analytical research on the 
performance of sports venue facilities remains limited. Field 
findings indicate that on-site technical measurements often do not 
align with users’ comfort perceptions, where lighting conditions, 
air conditioning, space, and background color still require concrete 
improvement measures [34]. This demonstrates that current 
professional evaluation parameters, which rely solely on 
traditional photometric metrics such as horizontal illuminance, are 
no longer sufficient to ensure athletes’ satisfaction and biological 
well-being [24,35-37].  

Therefore, the professional gap identified in this study is the lack 
of calibration methods and multispectral simulation workflows 
that practitioners can use to accurately predict non-visual 

(melanopic) lighting metrics, given that conventional photopic 
metrics alone are insufficient to describe the biological impact of 
light on athletes.  

 

1.3. Multispectral simulation tools 

Spectral simulation tools allow lighting designers to predict the 
effects of light accurately, even before the lighting system is 
physically implemented. Multispectral simulation tools have been 
extensively used in lighting design over the past decades to predict 
various lighting conditions encountered in daily life [38-40]. Since 
different light sources generate different spectral power 
distributions, multispectral tools are thus very important in 
simulating the interaction between various light sources in helping 
to create a built environment that supports the non-visual effects 
of light [41]. ALFA [42] and Lark [39] are the most popular tools for 
building design when it comes to the non-visual effect. ALFA 
provides more detailed predictions of spectral irradiance by 
dividing the wavelength range from 380 nm to 780 nm into 
increments of 5 nm, resulting in 81 channels. This enables high-
resolution analysis of the spectral composition of the irradiance 
and its impact on the entire visible spectrum [42]. Meanwhile, Lark 
simplifies this process by predicting spectral irradiance across nine 
broader channels and offers a less detailed approximation [39], 
[43].  

The accuracy depends on several factors, including surface 
material specifications, modelling details, simulation algorithms, 
and the characteristics of the light sources. An additional factor 
that significantly affects simulation precision is the number of 
simulation channels employed in the multispectral simulation 
process [44]. In this context, channels refer to discrete spectral 
intervals into which the visible light spectrum is divided for 
computation. A higher number of channels allows finer spectral 
resolution, enabling the simulation tool to capture subtle 
variations in the SPD of a light source. The more channels utilized 
to capture a broader spectrum of light wavelengths, the greater the 
potential for accurately representing the complex interactions 
between light and surfaces in an environment, especially in electric 
lighting scenarios [45].  

Another critical aspect influencing the accuracy is how lighting 
simulations are configured to replicate direct measurements, 
particularly when evaluating non-visual metrics. Calibration 
typically involves adjusting the simulation results, so they align 
with direct measurements. This process ensures that the 
simulation tool reflects actual conditions. Vertical illuminance was 
used as a reference parameter to represent real-world lighting 
situations, calibrating against this metric is an important step to 
establish baseline accuracy for the simulation tool [46]. In turn, 
tuning is typically conducted by making detailed adjustments to the 
simulation parameters, calibration was performed by adjusting the 
simulated spectral irradiance output to better align with measured 
spectral data. Although spectral irradiance is not a simulation input 
parameter, it is the key output that influences non-visual lighting 
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metrics. The tuning process involved modifying the spectral 
channel scaling and adjusting the lower bounds of the wavelength 
ranges to improve the match between simulated and measured 
spectral profiles. This tuning process is done by ensuring proper 
alignment between peaks and troughs in the wavelength 
distribution [16] and then by randomizing the samples to minimize 
the resulting errors. However, according to [47] there is not widely 
"acceptable" error rate that serves as a standard reference point for 
simulation calibration. A prior study [48] found that the difference 
between the simulated and measured indoor horizontal photopic 
illuminance might vary by as much as 20%, with an error of 10% 
using radiance simulation engine.  

Computer modelling and simulation have been extensively 
employed in the field of lighting design over recent decades to 
predict and evaluate dynamic luminous environments encountered 
in daily life [49]. These tools allow designers to visualize and 
optimize lighting strategies before implementation. However, the 
accuracy of such simulations remains an ongoing concern, 
particularly when used to estimate non-visual lighting metrics that 
depend on spectral precision [50].  

Most lighting simulations in previous studies have focused on 
horizontal work planes, such as floors or desktops, which are 
suitable for office and classroom environments [51-52]. In 
contrast, simulations in the vertical plane, especially at eye level, 
are rarely performed. This type of modelling is highly relevant for 
sports activities like badminton, where athletes often look forward 
or upward during play. Accurate modelling of vertical illuminance 

and spectral exposure at eye level is essential for assessing both 
visual and non-visual lighting impacts in indoor sports 
environments.  

However, previous studies have shown relatively high errors 
(±20%) between simulated and measured results [44,53-54] , 
indicating the need for further refinement in simulation accuracy. 
Moreover, to date, no validation study has specifically examined 
multispectral simulations for sports buildings, where complex 
lighting conditions are often encountered [20,55]. The need for 
validating spectral simulation tools in sports halls is further 
reinforced by research demonstrating that current simulation 
methods struggle to accurately predict light distribution in high-
ceiling environments [20,55].  

There are relatively few studies in the literature that focus on 
simulating lighting distribution and spectral composition in indoor 
spaces such as sports hall. Sports halls rely entirely on electric light 
sources that exhibit distinct spectral peaks and troughs. If spectral 
simulation tools do not account for these variations, they may 
misrepresent SPD, overestimate or underestimate critical non-
visual lighting metrics, and lead to inefficient lighting [56].  

In response to these concerns, this study aims to a thorough 
validation, involving calibration, of the Lark spectral lighting tool 
and its accuracy in predicting spectral irradiance and vertical 
illuminance in a badminton sports hall, from which non-visual 
lighting metrics are derived. Section 2 describes the methodology 
in this study, sections 3 and 4 provide the results and discussion, 
whereas section 5 concludes the article.  

   
Fig. 1. (a) Indoor view of the observed badminton sports hall and (b) Position of luminaires and sensor points at each court. 

  
Fig. 2. (a) Luminous intensity distribution and (b) SPD of the luminaire in the sports hall.  
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2. METHODOLOGY 
This section provides an overview of the case study building, 
detailing the methodology used to collect field measurement data, 
simulate lighting conditions using Lark, perform calibration steps, 
and analyse errors to assess the accuracy of the simulation’s 
outputs.   
 

2.1. Case study building 

This research was conducted by taking the case of a badminton 
sports hall in Bandung, Indonesia, called GOR KONI (6°54'53‘S, 
107°38'10’E). The main hall serves as the playing arena, measuring 
69.8 m ×38.4 m ×16.3 m (see Fig. 1). There are five badminton 
courts, each measuring 7.13 m ×14.9 m. The sports hall is 
illuminated by 80 light-emitting diode (LED) luminaires (Osram 
Simplitz Flood Light 200W 757 MB VS1, 24990 lm), which are 
positioned to provide uniform lighting across the courts. The 
luminous intensity distribution and spectral power distribution 
(SPD) of the luminaires are illustrated in Fig. 2 (a) and (b).  

The lighting design of a badminton hall must ensure adequate 
visual performance across the entire court area, enabling players, 
umpires, and spectators to clearly see the shuttlecock both on the 
floor and at various heights above the court. Additionally, the 
lighting system must maintain a low glare index to ensure the 
visual comfort of players [22]. To meet these requirements, the 
badminton sports hall in this study employs only electric lighting 
for illumination, with no daylight inside the building. Furthermore, 

all interior surfaces are painted with a non-reflective paint to 
reduce the risk of glare caused by reflections from glossy surfaces. 
Figure 3 shows the spectral reflectance distribution of each interior 
surface, measured using Lisun LMS 6600TR spectroradiometer.  

The choice to use a single, standard-compliant sports hall is in 
line with established validation protocols in lighting research. 
Studies such as [54] have demonstrated that validation in a single, 
well-characterized environment (an office-like user-test facility) 
when performed with high-resolution data collection provides 
reliable insights into tool accuracy. Our selected venue complies 
with national standards and represents the typical lighting design 
adopted in many Indonesian indoor sports facilities, characterized 
by uniform court sizes, ceiling heights, luminaire specifications, 
and non-reflective finishes. This high level of standardization 
reduces variability and supports the generalizability of findings to 
similar venues. 

Furthermore, evaluating simulation accuracy requires a 
controlled setting where variables such as luminaire type, surface 
reflectance, and lighting geometry are precisely known and 
reproducible. Therefore, our methodological choice, focusing on 
detailed measurements and simulation comparisons within one 
standardized setting, ensures both internal validity and broader 
relevance. This approach allows for rigorous calibration of tools 
like Lark before they are deployed in more diverse scenarios.   

  

Fig. 3. Measured spectral reflectance distribution of interior surfaces in the sports hall.  

 

   

Fig. 4. Geometry of the sports hall in 3D.  
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2.2. Field measurements and applied metrics 

The field measurements were conducted sequentially across the 
five badminton courts (Fig. 4) under a controlled lighting scenario. 
At each of the 60 vertical sensor points (12 points per court), 
measurements of spectral irradiance and vertical illuminance were 
taken individually using a Lisun LMS 6000 spectroradiometer, with 
1 nm resolution within the visible range. The sensor was positioned 
at 1.5 m above the floor level, corresponding to the typical eye level 
of an athlete. To ensure high data accuracy and consistency, each 
point was measured one after the other rather than simultaneously 
to prevent any mutual interference between measurement stations.  

The entire measurement process was conducted in a fully 
unoccupied sports hall, which had been reserved exclusively for the 
experiment. No players, coaches, or staff were present during data 
collection, thereby eliminating disturbances such as shadows, 
movement, or incidental reflections that could otherwise affect the 
lighting distribution. This isolation allowed the spectral properties 
of the lighting environment to be captured in their true state, as 
determined solely by the installed luminaires and architectural 
conditions.  

Only a single lighting scenario was applied throughout the study: 
the competition mode, in which all 80 LED luminaires (Osram 
Simplitz Flood Light 200W 757 MB VS1) were fully activated. This 
mode represents the highest standard illumination level used in the 
facility and was selected to test the spectral simulation tools under 
the most demanding lighting conditions.  

The different datasets were used for calibration and validation 
purposes. The calibration phase was conducted by adjusting 
spectral weighting factors within the Lark input data to improve 
agreement with measured spectral irradiance. Subsequently, the 
validation process compared both calibrated and uncalibrated 
simulation results against independent measurement data 
collected from the field. At no point were the same data points used 
for both calibration and evaluation, ensuring that the final reported 
simulation errors represent genuine tool performance under real-
world conditions.  

After field measurements were completed, the data were post-
processed to calculate mel-EDI, CS and CL at each measurement 
point. The exposure time (t) was assumed to be 1 hour, representing 
typical competitive matches. This 1-hour duration was selected as 
a practical reference condition for the competitive-use scenario 
considered in this study [57]. It is consistent with reported 
badminton match durations of approximately 40 minutes to 1 hour 
and is intended to represent a biologically relevant single-session 
exposure during competition or intensive training, rather than the 
total daily exposure of all users [57]. The measurement results of 
spectral irradiance and vertical illuminance at each point in each 
court were then calculated according to Equations (1) and (2) to 
obtain the mel-EDI and CS values.  

The next step was to calculate the CLA 2.0 based on the 
distribution of spectral irradiance and vertical illuminance. The 
CSt,f  value at each court should meet the specified threshold for an 
effective circadian effect, which is from 0.1 to 0.7 [11]. Meanwhile, 

Table 1. Radiance parameters of lark simulations.   

Parameter Value 

Ambient bounces (-ab) 6 

Ambient divisions (-ad) 1024 

Ambient accuracy (-aa) 0.1 

Ambient super-samples (-as) 500 

Limit reflections (-lr) 0 

Limit weight (-lw) 0.0001 

Number of passes - 

 

  
Fig. 5. Schematic elevation view of direct measurement of SPD from the luminaire.  
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the minimum required mel-EDI value is assumed identical to the 
recommended value for learning and working environments, being 
250 lx during daylight hours. This figure is based on a study of 
healthy adults between the ages of 18 and 55 with a regular daily 
schedule [58-61]. There has been no study on the minimum 
recommendation for athletes to achieve regular circadian rhythm 
and to suppress the melatonin hormone level to increase alertness 
during sport activities.   
 

2.3. Lark simulations 

The simulation tools used in this study was Lark version 3.0 [39], 
[42], which generates spectral irradiance as the output and utilizes 
the Radiance engine [62]. Table 1 provides an overview of the 
specific Radiance parameters applied for each simulation tool to 
ensure accurate and reliable simulation outcomes. Each simulation 
parameter is specifically configured according to the unique 
characteristics of each tool. For Lark, the default ambient division 
(ad) value of 1024 was used, following the developer's 
recommendation for electric lighting scenarios [39]. Although [23], 
[45] employed higher ad values for daylighting studies, the default 
setting was maintained in this context focused on electric lighting.  

Before starting the simulation process, a geometrically accurate 
model of the badminton sports hall was created in Rhino 3D. This 
model depicted the actual conditions of the sports hall, including 
the same dimensions, material properties, and lighting system, 
thus improving the accuracy and reliability of the results [47], [63]. 

The level of detail in the 3D model was defined to balance 
computational efficiency and accuracy in spectral lighting 
simulations. The following aspects were explicitly incorporated: 
the ceiling was modelled at a height of 16.3 m to reflect actual sports 
hall conditions; the badminton court dimensions and markings 
were modelled according to standard regulations to ensure that the 
illumination calculations correspond to real playing conditions; the 
reflectance values of the walls, ceiling, and floor were applied based 
on field measurements; and the LED luminaires were modelled at 
their actual mounting positions and angles, with manufacturer-
specified SPDs incorporated into the simulation.  

The measurement sensor grid was replicated in the model, 
ensuring that the simulated and measured results are directly 
comparable. Sensors were placed at the typical eye level, i.e. 1.5 m 
above the floor. The spectator bleachers (tribune) were modelled in 
the simulation, as they are large, fixed architectural elements that 
affect reflectance and light distribution, especially in high-ceiling 
environments. 

The badminton nets and portable sports equipment (e.g., referee 
chairs, shuttlecock carts) were not modelled, as these are 
considered temporary objects with minimal impact on overall 
lighting simulations, particularly for vertical illuminance metrics. 
The main court playing area (green zone) and the boundary zone 
(red floor around the court) were modelled with different material 
reflectance values. The outer circulation floor area was also 
modelled as a separate surface with its corresponding reflectance 

value. However, white court markings (lines) were not explicitly 
modelled, due to their narrow width and minimal influence on 
large-area irradiance or illuminance. All reflectance values were 
measured on-site using a spectroradiometer and input into the 
simulation accordingly. The spectral reflectance distribution of 
each surface material is shown in Fig. 3.  

The same geometric model was used throughout the study; 
however, the import workflow for Lark required a different 
approach. In Lark, Grasshopper was used to define and manage the 
geometry imported from Rhino 3D. A custom Grasshopper 
workflow was developed to integrate geometric data, lighting 
properties, material characteristics, and simulation parameters. 
The Lark simulation generated spectral irradiance and vertical 
illuminance values at the same spatial locations as the field 
measurement points, with all virtual sensors positioned at a height 
of 1.5 m.  

SPD was measured directly on-site inside the sports hall using a 
Sekonic C-800 spectroradiometer (Fig. 5). The measurement was 
conducted under controlled field conditions by positioning the 
sensor at a height of 1.5 m and a horizontal distance of 6.6 m from 
the LED luminaire, resulting in a vertical angle of approximately 
30°, directly facing the luminaire. This setup was specifically 
designed to minimize the effect of reflections from surrounding 
surfaces. Additionally, a 5 cm high ring baffle was mounted on the 
sensor to limit stray light.  

The SPD was implemented into Lark with a 5 nm resolution over 
the 380~780 nm range, enabling high-fidelity spectral analysis and 
accurate simulation of non-visual lighting metrics. In the Lark 
simulation, the light loss factor (LLF) was set to 1.0. This setting 
assumes no light depreciation due to factors such as luminaire 
aging, dirt accumulation, or maintenance conditions, serving as a 
baseline for the subsequent calibration process against field 
measurements. Our verification process ensured that all geometry, 
material reflectance, and light source data were consistently 
applied to the model to minimize potential sources of error 
unrelated to the spectral simulation algorithm itself.   
 

2.4. Calibration steps 

The calibration process involved adjusting the scaling of spectral 
weighting factors and lower-bound wavelengths in Lark’s input 
data to reduce the discrepancy between simulated and measured 
spectral irradiance at sensor locations. This adjustment was 
applied externally, without altering Lark’s internal computational 
framework. Rather than proposing a universal correction factor, 
this study presents a structured calibration approach specific to the 
tested electric lighting and material conditions. The applicability of 
such a method to other projects will depend on the SPD of light 
source and reflectance properties of interior surfaces, which may 
vary significantly across cases. To ensure transparency, both pre-
calibration and post-calibration errors are reported in the 
manuscript, allowing designers and researchers to understand the 
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expected performance of the uncalibrated tool while also seeing the 
extent of systematic error correction possible through tuning.   
 

2.4.1. Simulation within the spectral channel 

The simulation generates an initial spectral distribution profile, 
which is essential for subsequent calibration adjustments. At this 
stage, it is predicted that Lark would require extensive calibration 
because it has much fewer spectral channels, such that the 
bandwidths are significantly different from the measuring 
instrument, which operates in 1 nm or 5 nm resolution.   
 

2.4.2. Tuning the lower bound wavelengths for each 
channel in lark 

The original lower bound wavelengths (λlo_ori) in Lark, which 
represent the minimum wavelengths for each spectral channel, are 
listed in Table 2. For the case of Lark, there are nine lower bound 
wavelengths (λlo), representing the number of spectral channels. 
The tuning was done using a random sampling process within 
predefined limits. To define the range of λlo for tuning during the 
calibration step, 1 nm resolution intervals were selected within 
each original spectral band. These ranges were determined by 
analysing the average pattern of measured spectral irradiance, 
particularly the peak and trough regions. This approach confirms 
that the randomized λlo used in the calibration process are aligned 
with the actual spectral characteristics observed in the field 
measurements.  

This spectral tuning process was performed prior to calculating 
photopic and melanopic metrics. It involved adjusting the λlo for 
each of Lark’s nine spectral channels using a controlled random 
sampling method, as detailed in Table 2. This adjustment aimed to 
better align the default Lark channel boundaries with the actual 
spectral shape of the LED lighting used in this study, which exhibits 
narrow-band peaks not captured well by the original intervals. 
Importantly, this was conducted as a pre-processing step outside 
Lark’s internal structure.  

The resulting reconstructed spectral profiles were then applied 
to compute mel-EDI and vertical illuminance using standard 
photopic and melanopic weighting functions (e.g., V(λ), Smel(λ)). 
Therefore, while λlo values were adjusted, the physiological metrics 
were still integrated over validated and correctly weighted spectral 
distributions.   
 

2.4.3. Calibration factor for spectral irradiances 

Equation (3) shows the ratio (R) between measured and simulated 
vertical illuminance. If this value is applied to all spectral channels, 
it will only scale the spectral irradiance amplitude evenly, without 
addressing spectral shape mismatches, especially the 
misalignment of spectral peaks and valleys with those measured. 
Therefore, we randomized the calibration factor (F) for each 
channel individually, combined with a random adjustment to the 
lower wavelength limit (λₗₒ). This allows us to finely adjust both the 

amplitude and spectral position of each channel, which is not 
possible using the average factor alone. The result is a significantly 
lower NRMSE, allowing the spectral profile to be aligned with the 
measurement data. We randomized the F values for each channel to 
minimize errors between measured and simulated spectral 
irradiance.  

In detail, the calibration process began with scaling the vertical 
illuminance, using the ratio R, as defined in Equation (3).  

𝑅𝑅 = 𝐸𝐸𝑣𝑣(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)

𝐸𝐸𝑣𝑣(𝑠𝑠𝑠𝑠𝑠𝑠)
     (3) 

where Ev(meas) and Ev(sim) are respectively the measured and 
simulated vertical irradiances at each sensor point at each court. 
This R values were multiplied by the simulated spectral irradiance 
prior to calibration, resulting in channel-specific irradiance scaling 
values.  

After defining the range of λlo (Table 2) for each spectral channel 
based on the average pattern of measured spectral irradiance, 
particularly its peaks and troughs, the calibration factor (F) range 
was determined by the average spectral irradiance amplitude from 
measurements into nine segments, corresponding to 9 channels. 
For each channel, random values of F were generated using 
uniformly distributed random functions within the defined range. 
Simultaneous randomization was then performed across both λlo 
and F ranges (Table 3). The randomized F values were multiplied by 
the initial irradiance ratios for each channel, yielding a calibrated 
spectral irradiance profile.   

If we choose the average F, we cannot guarantee obtaining the 
minimum errors. If the average value of F is used deterministically 
at all points or simulations, without addressing spectral shape 
mismatches, especially the misalignment of spectral peaks and 
valleys with those measured, then the simulation will only scale the 
spectral irradiance amplitude evenly and fail to align the spectral 
profile with the measurement data.   
 

2.4.4. Tuning process with random sampling 

The tuning process was performed by repeatedly sampling random 
values within the specified λlo limit range, and by repeating the 
random computation 15,000 times. The 15,000 iterations were not 
intended as unconstrained curve fitting, but as a bounded 
stochastic search within predefined λlo and F ranges derived from 
measured spectral characteristics. This procedure was designed to 
explore the feasible parameter space of Lark’s 9-channel spectral 
structure under the tested electric-lighting condition and to 
identify the parameter combination yielding the smallest 
prediction error. For each iteration, the spectral irradiance was 
recalculated by multiplying the calibration factors (F) to find the 
configuration that minimizes the error between the simulated 
vertical irradiance (Ev_tuning) and the corresponding measured 
values. The simulated vertical illuminance was predicted by 
integrating the weighted spectral irradiance Ee(λ).  
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The λlo and the calibration factor F for each channel were then 
tuned to obtain the closest vertical illuminance value to the 
measured one.  

𝐸𝐸𝑣𝑣𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐾𝐾cd ∫ 𝐸𝐸𝑒𝑒(𝜆𝜆) × 𝑉𝑉(𝜆𝜆)780
380 d𝜆𝜆   (4) 

where Kcd is the luminous efficacy constant of 683 lm/W.  
It is important to emphasize that this calibration factor (F) was 

applied only after the spectral shape reconstruction was completed. 
The simulated irradiance values were first tuned based on the 
adjusted λlo values, and then amplitude-scaled using F to more 
closely match measured data. Lighting metrics such as mel-EDI 
and CS were calculated after these steps, ensuring the use of 
accurate spectral input.   

This workflow preserved the validity of spectral integration and 
avoided applying photopic or melanopic coefficients to misaligned 
or altered wavelength intervals. All physiological metrics were 
derived from corrected spectral distributions and processed using 
standard tools, such as Rea’s CSd Calculator 2.0 and CIE-
recommended sensitivity curves. We did not perform interpolation 
between the 9 spectral channel values, instead, the spectral 
irradiance input to the CSd Calculator was constructed by directly 
assigning constant irradiance values to the corresponding 
wavelength ranges (380~780 nm) based on the calibrated Lark 
output. Specifically, the calibrated irradiance values for each of 
Lark’s 9 spectral channels, obtained through iterative random 
sampling and tuning to minimize the error against field 
measurements were uniformly applied across the respective 
wavelength intervals. This resulted in a stepwise spectral 

distribution with 401 values, where each range retained a constant 
irradiance level. This method reflects the original Lark output 
structure after calibration and avoids introducing additional 
assumptions through interpolation.  
 

2.4.5. Results and visualization 

After identifying the λlo that minimized the error, the final 
calibration factor and the calibrated spectral irradiance for each 
channel were recorded. To visualize the accuracy of this tuning 
process, a graph was plotted comparing the simulated tuning 
results against the measured data. This comparison indicates the 
effectiveness of the calibration and provides visual confirmation of 
the alignment between the simulated and measured spectral 
irradiance values.   
 

2.5. Error analysis 

After tuning, post-processing was carried out to obtain mel-EDI 
and CSd values, followed by an error analysis of the simulation tool. 
Only errors in the electric lighting scenario with a lighting system 
configuration suited for competition settings were analysed. To 
compare the simulated (sim) and measured (meas) values of mel-
EDI and CSd, the percentage error (PE) was calculated as shown in 
Equations (5), (6) and (7), while Ee,λ represents the spectral 
irradiance at wavelength λ, expressed in W/m²/nm, as measured or 
simulated at each sensor point, the normalized root mean square 
error (NRMSE) was calculated as shown in Equation (8).   

 

Table 2. Original lower bound wavelength (λlo) for each channel in Lark and the range of randomized λlo for calibration.   

Channel λlo_ori [nm] Range of λlo for tuning [nm] 

1 380 380 

2 419 419–430 (1 nm step) 

3 459 459–475 (1 nm step) 

4 499 499–520 (1 nm step) 

5 529 529–550 (1 nm step) 

6 558 558–580 (1 nm step) 

7 587 587–601 (1 nm step) 

8 608 608–620 (1 nm step) 

9 630 630–780 (1 nm step) 

  
Table 3. Range of calibration factor (F) and its random function for each channel in Lark.    

Channel Range of F Random function 

1 0~0.05 0.05×rand 

2 1.6~1.9 1.6 + 0.3×rand 

3 0.4~0.7 0.4 + 0.3×rand 

4 0.8~1.1 0.8 + 0.3×rand 

5 1.0~1.3 1.0 + 0.3×rand 

6 1.0~1.3 1.0 + 0.3×rand 

7 0.8~1.1 0.8 + 0.3×rand 

8 0.3~0.6 0.3 + 0.3×rand 

9 0~0.05 0.05×rand 
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PE(𝐸𝐸𝑣𝑣) = 𝐸𝐸𝑣𝑣sim−𝐸𝐸𝑣𝑣meas
𝐸𝐸𝑣𝑣meas

× 100    (5) 

PE(melEDI) = melEDIsim−melEDImeas
melEDImeas

× 100  (6) 

PE(CS) = CSsim−CSmeas

CSmeas
× 100   (7) 

NRMSE =
�mean��𝐸𝐸𝑒𝑒𝑒𝑒,sim−𝐸𝐸𝑒𝑒𝑒𝑒,meas�

2�

mean�𝐸𝐸𝑒𝑒𝑒𝑒,meas�
   (8) 

The NRMSE showed how well the simulation mimics the spectral 
irradiance pattern at each wavelength, whereas PE focused on the 
relative error of the individual values. PE was more suitable for data 
that varied over a wide range, such as vertical illuminance that may 
change significantly between locations or conditions. This helped 
to ensure that relatively small errors in certain areas did not mask 
more significant deviations in other areas. The tolerance limit for 
error was considered as 20% [64].   
 

3. RESULTS 
The sections below report the results related to the comparison of 
the two simulation tools with the measured quantities. Particularly, 
these sections refer to spectral irradiance, vertical illuminance, 
melanopic EDI and CS.   
 

3.1. Spectral irradiance 

Figure 6 displays the measured and simulated average spectral 
irradiance at each court at a height of 1.5 m. Figure 6 illustrates that 
the simulated spectral irradiances of Lark reveal a coarse 
approximation of the LED spectra, clearly exhibiting the 
characteristic step-like pattern resulting from its 9-channel 
spectral resolution. Unlike the continuous smooth curve of the 
measurement, Lark's output is discretized, leading to visible 
deviations in spectral shape. This deviation is quantitatively 
analysed in Fig. 7 using NRMSE. The distribution of NRMSE for Lark 
indicates a significant disparity between simulation and 
measurement, with a relatively wide range of error. Numerically, 
Lark exhibits a mean NRMSE of 1.186, with a range spanning from 
a minimum of 0.885 to a maximum of 1.589. These high NRMSE 
values confirm the spectral misalignment observed in the visual 
comparison in Fig. 6. Consequently, the discrepancies in spectral 
shapes and wavelength peaks suggest that the default Lark 
simulation inputs result in substantial bias. Therefore, calibration 
is necessary to adjust the spectral irradiance shape in Lark.  

Table 4 shows λlo for channels 1 until 9 are respectively 380 nm, 
427 nm, 461 nm, 510 nm, 540 nm, 568 nm, 596 nm, 615 nm, and 
692 nm. Where the calibration factor (F) is presented for each 
channel, respectively 0.036, 1.705, 0.536, 0.948, 1.150, 1.190, 0.959, 
0.460, and 0.011 for channels 1 until 9. The λlo and F values are taken 
based on the smallest PE (%) value among the 15000 randomized 
data.  

Figure 8 shows the average spectral irradiance in measurements 
and simulations using Lark after calibration, the pattern produced 

by Lark after calibration is like the spectral irradiance pattern in 
measurements. In addition, in Fig. 9, the NRMSE produced by Lark 
after calibration has improved, with an average NRMSE of 1.042 and 
a smaller range of 0.895 to 1.233.   
 

3.2. Vertical illuminance 

Figure 10 shows post-processing of the measured and simulated 
spectral irradiance data at each point produced vertical illuminance 
(Ev) distributions across five courts. The measured Ev ranged from 
approximately 316 to 657 lx, showing that the illumination level 
was relatively uniform within each court but varied slightly 
between courts, with Court 3 showing the highest values and Court 
5 the lowest. In the initial simulation, Lark before calibration 
resulted in noticeably higher values (405~760 lx) across nearly all 
courts, showing an overall overestimation trend. After applying 
spectral calibration, the Lark results improved significantly, 
yielding Ev values closer to the measured data (316~653 lx) and a 
more consistent gradient between lower and upper points, 
indicating enhanced spatial correspondence after calibration.  

The comparison of PE between simulations and measurements 
highlights these performance differences, as shown in Figure 11. 
The Lark simulation before calibration showed a large positive 
deviation, with a mean PE of +28.1% (ranging from +2.4% to 
+59.6%), reflecting substantial overestimation. In contrast, the 
calibrated Lark model achieved near-perfect agreement with the 
measured data, with a mean PE of 0.0% and an extremely narrow 
error range (–0.4% to +1.5%). This result confirms that the 
calibration process effectively minimized simulation bias and 
improved the accuracy of vertical illuminance prediction derived 
from spectral irradiance simulations.  
 

3.3. Melanopic EDI 
To obtain the mel-EDI, post-processing of the measured and 
simulated spectral irradiance data at each point was conducted 
using Equation (1), which applies the spectral melanopic action 
spectrum as a weighting function. The resulting mel-EDI 
distributions across five courts are shown in Fig. 12. The measured 
mel-EDI values ranged from 258 to 540 lx, showing a relatively 
uniform distribution within each court, with slightly higher values 
observed in Courts 2 and 3. In the initial simulation, Lark generated 
significantly higher mel-EDI values, between 486 and 822 lx, 
across all measurement points, clearly overestimating the 
measured results. After calibration, the Lark output demonstrated 
much closer agreement with the measurements, producing mel-
EDI values between 329 and 630 lx and smoother variations 
between lower and upper regions, indicating that calibration 
improved the model’s representation of melanopic light 
distribution from electric lighting sources.  

The PE comparison further illustrates the performance 
improvements achieved through calibration, as shown in Figure 13.  
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The Lark simulation before calibration showed a substantially 
large positive bias, with a mean PE of +72.7% and a wide variation 
from +36.7% to +115.0%, signifying significant overestimation. 
After calibration, the Lark model achieved considerable 
improvement, with a reduced mean PE of +19.1% and a narrower 
range of +10.9% to +28.6%. These results demonstrate that the 

calibration process effectively minimized the spectral mismatch 
between simulated and measured irradiance, leading to a more 
accurate prediction of melanopic illuminance in multispectral 
lighting simulations.   
 

  
Fig. 6. Measured and simulated average spectral irradiances from the 12 vertical sensor points at Court 1 (a), 2 (b), 3 (c), 4 (d), and 5 (e).  

  
Fig. 7. NMRSE ranges relative to the prediction of the spectral irradiance in Lark before calibration.  

Table 4. Result of calibration lower bound wavelength (λlo) for each channel in Lark.  

 Channel λlo [nm] F 

1 380 0.036 

2 427 1.705 

3 461 0.536 

4 510 0.948 

5 540 1.150 

6 568 1.190 

7 596 0.959 

8 615 0.460 

9 692 0.011 
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 3.4. Circadian stimulus 

The resulting CSt,f distributions across five courts are shown in Fig. 
14. The measured CSt,f  values across the five courts ranged from 
0.46 to 0.57, showing a consistent spatial pattern with slightly 
higher values observed at lower measurement points (Point 1~3) 
and lower values at the upper zones (Point 10~12). In comparison, 
the initial Lark simulation yielded CSt,f values ranging from 0.51 to 
0.61. After calibration, the Lark results showed improved alignment 
with the measured data, producing smoother gradients and 

reduced discrepancies between upper and lower regions, with 
predicted CSt,f values in the range of 0.51 to 0.60.  

The comparison of PE between the simulation and measurement 
further illustrates these differences, as shown in Fig. 15. The Lark 
simulation before calibration exhibited a mean error of –9.7%, 
with variation between –13.7% and –0.3%, suggesting a consistent 
deviation from the measured CSt,f. After calibration, the Lark 
model demonstrated improvement with a mean PE of +7.2%, 
ranging from –1.6% to +12.9%.   
 
 

  
Fig. 8. Measured and average spectral irradiances of Lark after calibration from the 12 vertical sensor points at Court 1 (a), 2 (b), 3 (c), 4 (d), and 5 (e).  

  
Fig. 9. NMRSE ranges relative to the prediction of the spectral irradiance in Lark before calibration and Lark after calibration.  
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4. DISCUSSION  

4.1. Comparison of field measurements and 
simulations 
The calibration and validation processes in this study rely on the 
specific characteristics of the Lark tool, which serve as contextual 
boundaries that define the applicability of these findings. In the 
comparison between field measurement and initial simulation 
results, the spectral irradiance values of the Lark simulation 

display significant variations. While Lark simulations typically 
excel in daylighting scenarios [23,44,17], they generated 
substantially higher spectral irradiance values compared to the 
measured data in the sports hall building, leading to a notable 
discrepancy. This discrepancy highlights the challenge of 
accurately simulating LED-based lighting environments, 
particularly when using simulation tools that are primarily 
optimized for daylight simulation like Lark.   
 

  
Fig. 10. Vertical illuminance contour map on each field for measurement (a), Lark before calibration (b), and Lark after calibration (c).  
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Although the SPD curve of the LED luminaires shows a dip near 
480 nm, coinciding with the peak sensitivity of the melanopic 
action spectrum (smel(λ)), this does not necessarily result in a 

lower mel-ED compared to photopic lux. This is because mel-EDI 
is derived from the integration of spectral irradiance and the 
melanopic sensitivity function, as expressed in Equation (1).  

  
Fig. 11. Percentage error of mel-EDI for Lark before calibration and Lark after calibration.  

  
Fig. 12. mel-EDI contour map on each field for measurement (a), Lark before calibration (b), and Lark after calibration (c).  

https://dx.doi.org/10.15627/jd.2026.23


T. Nurhuda et al. Journal of Daylighting / Volume 13, Issue 2 / 19 July 2026 424  

https://dx.doi.org/10.15627/jd.2026.23 

 Lark simulations using materials of various colors, white, black, 
yellow, and blue under a single light source with different CCTs 
produced similar results, where spectral irradiance above 630 nm 
was overestimated compared to measurements. This consistency 

across material colors confirms that the deviation is inherent to 
Lark’s spectral computation rather than surface reflectance [53].   

We have also performed additional simulation with all materials 
in the geometry were replaced with uniform, white-colored 
material (ρ = 0.9).  

  
Fig. 13. Percentage error of mel-EDI for Lark before calibration and Lark after calibration.   

  

Fig. 14. CSt,f contour map on each field for measurement (a), Lark before calibration (b), and Lark after calibration (c).   
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The results are shown in Fig. 16, which indicates that discrepancy 
is not primarily caused by surface reflectance properties. The Lark 
simulation continues to exhibit excessive irradiance in longer 
wavelengths due to its limited spectral discretization, which 
divides the visible range into only nine broad channels. This coarse 
spectral resolution causes oversimplification and averaging within 
each wavelength band, particularly in the red and near-infrared 
regions, resulting in a flattened and exaggerated spectral tail 
compared to the measured data. 

The difference suggests that the overestimation observed in Lark 
arises not from material color uniformity but from intrinsic 
constraints in its spectral sampling and rendering algorithms. 
Therefore, calibration is required by adjusting Lark’s simulated 

spectral irradiance to match the measured data, ensuring that the 
high-wavelength regions are represented more accurately and that 
the overall spectral performance of the simulation aligns with real 
measurements. 

This study also tested more "accurate" Radiance parameters 
especially for Lark, based on those used in [45], but the results 
remained unchanged. Therefore, we maintained the parameter 
configuration and version consistent with [39] which also utilized 
Lark v3, to ensure methodological consistency and reproducibility. 
The consistent overestimation suggests that the discrepancy arises 
from inherent limitations in Lark’s spectral sampling and 
rendering algorithms rather than from parameter settings.  

  
Fig. 15. Percentage error of CSt,f for Lark before calibration and Lark after calibration.   

  
Fig. 16. Comparison of spectral irradiance in Lark with original material and white material.   

  
Fig. 17. Projected CSd values for various durations of light exposure in each court.   
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In the case of Lark, the use of only nine broad spectral channels 
means that local spectral dips are averaged out, often 
overestimating the contribution of the 460–490 nm range, where 
melanopic sensitivity is high. Consequently, Lark may report mel-
EDI values that exceed photopic illuminance, even when the SPD 
has a dip at the melanopic peak.  

Previous studies have generally applied Lark in more controlled 
and simplified contexts compared to the current investigation. Ref. 
[23] validated the tool within office-like environments under both 
daylight and electric lighting, reporting vertical illuminance errors 
largely within ±17.5% and melanopic EDI discrepancies within 
±20%. Similarly, ref. [65] utilized Lark in a simplified glazing 
experiment across varying sky conditions, achieving NRMSE values 
below 15%. In contrast, ref. [66] observed weaker spectral 
correlations in an empty classroom, with an average error of 32% 
across the full spectrum. Furthermore, ref. [44] demonstrated that 
the 9-channel method improved the Mean Absolute Percentage 
Error (MAPE) by 13.9% to 33.9% over conventional 3-channel 
simulations.  

The technical basis for these variations was explored by ref. [39], 
who noted that Lark’s 9-channel approach approximates SPD by 
averaging energy values within broad wavelength bands. This was 
further evidenced by  [53], compared Lark and ALFA in controlled 
electric-lighting test chambers. Their findings indicated that Lark 
was more efficient in selective-reflectance or absorptive scenarios 
(e.g., blue or black surfaces). However, these studies also 
highlighted that Lark could yield substantial percentage errors, 
exceeding 100% on dark interiors, depending heavily on surface 
reflectance and CCT.  

While a significant architectural update to Lark’s spectral 
discretization would be the preferable long-term solution, the 
present tuning process should be understood as a diagnostic and 
transitional framework rather than as evidence that the tool is fully 
adequate in its current form. The purpose of this study was to 
evaluate the performance of a widely accessible multispectral tool 
in the under-studied context of high-ceiling sports halls under 
electric lighting. From this perspective, the calibration 
demonstrates that the bias associated with Lark’s current spectral 
architecture is systematic, measurable, and partially correctable 
through external adjustment, thereby offering immediate practical 
value until higher-resolution alternatives become standard.  

Accordingly, the calibration performed in this study was not 
intended to artificially minimize simulation errors or to improve 

Lark’s performance in a way that would not be replicable in real-
world design workflows. Rather, the purpose was diagnostic to 
examine whether the discrepancies observed in Lark’s spectral 
output were systematic and therefore potentially correctable. This 
is particularly relevant given Lark’s coarse spectral resolution of 
nine channels, which led to consistent overestimation in non-
visual metrics under electric lighting. To ensure transparency, both 
pre-calibration and post-calibration results are reported in this 
study. The pre-calibration values represent the expected 
simulation errors when using Lark in its current state, while the 
post-calibration values demonstrate the extent to which 
systematic bias can be identified and potentially corrected. This 
approach allows for a more complete understanding of tool 
limitations and supports future improvements in simulation 
accuracy for electric lighting environments.  

These previous findings help position the present study more 
clearly. Most earlier validations were conducted in offices, 
classrooms, or laboratory setups with relatively simple geometries 
and more controlled boundary conditions. In contrast, the present 
study evaluates Lark in a substantially more demanding context: a 
full-scale badminton sports hall under electric LED lighting, with 
high ceilings, strongly directional luminaires, peaked LED spectra, 
and 60 vertical measurement points distributed across five courts. 
Under these conditions, the discrepancy between measured and 
simulated spectral irradiance was considerably larger and more 
systematic than in previous validation studies. Therefore, a tuning 
process was necessary in the present study to reduce the systematic 
bias in Lark’s spectral output before deriving non-visual metrics. 
From this perspective, the contribution of the present work is not 
only to extend Lark validation to sports hall environments, but also 
to demonstrate that acceptable performance in office-based, 
classroom, or simplified laboratory settings cannot be assumed to 
transfer directly to large indoor sports facilities under electric 
lighting.   
 

4.2. Analysis of circadian stimulus modelling and 
recommended exposure doses 
The study also identified the potential of circadian-stimulus doses 
(CSd) modeling in optimizing lighting for athlete performance and 
recovery. CSd is identical to CSt,f, where CSd is postulated to be the 
effective ‘dose’ provided to the SCN by the phototransduction 
circuit in the retina at any time with or without melatonin 

Table 5. Logarithmic models for the relation between CS and duration t in each court. 

 Logarithmic model R² 

1 CSd = 0.1623 ln(t) + 0.5092 0.9937 

2 CSd = 0.1571 ln(t) + 0.5317 0.9890 

3 CSd = 0.1559 ln(t) + 0.5359 0.9878 

4 CSd = 0.1636 ln(t) + 0.5016 0.9947 

5 CSd = 0.1653 ln(t) + 0.4893 0.9958 
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suppression [67]. The graph in Fig. 17 shows the projected CSd 
values for various durations of up to 2 hours at the five courts based 
on UL 24480 standards [67]. These dose approaches are consistent 
with findings that exposure to daylight, particularly high-intensity 
light spectra rich in blue light with a minimum intensity of 250 
melanopic lux, is essential for triggering significant alertness 
effects and optimizing human cognitive function [68,69].  

The data points for all courts closely follow logarithmic trends, 
which empirical models are listed in Table 5.    

As time progresses, the CSd value increases, reaching a steady 
level close to 0.6 after around 1.5 hours. The recommended duration 
to reach the circadian effective dose (CSd) of 0.43 is 1 hour, with 
vertical illuminance 377 lx [67]. At this study, the CSd values for all 
courts intersect the recommended level, indicating sufficient 
duration of light exposure to meet the recommended CSd for 
effective circadian stimulation. The graph suggests that spending 
at least 0.5-0.7 hours in these lighting conditions will likely achieve 
the recommended circadian stimulus across all courts. This 
interpretation is most relevant to the competitive-use scenario 
considered in this study. Since competitive badminton involves 
high-intensity intermittent activity and match durations of 
approximately 40 minutes to 1 hour, the 1-hour exposure adopted 
here serves as a practical reference condition for evaluating 
circadian-relevant lighting during competition or intensive 
training [57,70]. However, this simplification does not capture 
recreational use, repeated daily training, or age-specific usage 
patterns, which should be addressed in future studies.   
 

4.3. Limitations and future works 
This study focused on evaluating the performance of two 
multispectral simulation tools of Lark in predicting non-visual 
lighting metrics under electric lighting conditions in a controlled 
badminton sports hall. The validation was conducted based on the 
lighting configuration recommended for competitive badminton 
matches following BS EN 12193:2018 standards. While this 
approach ensures consistency and relevance to professional sports 
settings, it does not address lighting requirements for recreational 
or multi-purpose sports activities. Additionally, this study did not 
include long-term field investigations into the physiological or 
performance impacts of circadian-aligned lighting in athletes. 
Future research could explore broader building typologies, diverse 
lighting scenarios, and the implementation of tuneable LED 
systems to assess the scalability and robustness of multispectral 
simulations in supporting both visual and non-visual lighting 
design objectives.  

The high agreement achieved after calibration in this study 
should not be interpreted as evidence that the present workflow is 
already fully predictive for new buildings without field data. The 
calibration factors (F) and lower-bound wavelength adjustments 
(λlo) identified here are currently specific to the tested combination 
of luminaire SPD, hall geometry, and interior surface reflectance. 

Their broader applicability must therefore be examined through 
additional case studies involving similar LED fixtures in different 
sports hall configurations. If recurring parameter patterns are 
identified, these may support the future development of a fixture-
specific reference framework for more predictive multispectral 
simulation in practice.   

In addition, the present validation was conducted using static 
vertical sensor points at 1.5 m in an unoccupied hall, which was 
intentionally defined as a controlled reference condition for 
baseline tool validation to minimize transient effects such as body 
shadowing, motion, and orientation changes. However, this setup 
does not capture the full temporal and directional variability of 
light exposure experienced by athletes during actual play. In real 
badminton activity, players move continuously across the court 
and frequently change their gaze direction, including significant 
upward viewing during serves, clears, and smashes. As 
demonstrated by [71], professional players specifically focus on 
kinematic cues from the opponent’s feet and racket to optimize 
motor response. Because these areas of interest span different 
vertical heights and angles, the actual spectral irradiance reaching 
the eye is likely more variable and complex than what a static 
horizontal sightline predicts. Future studies should therefore 
extend this framework to dynamic exposure assessment by 
incorporating athlete movement trajectories, time-varying 
viewing directions via eye-tracking data, and additional lighting 
scenarios, including recreational and multi-sport use.  

Despite these limitations, the proposed method can be 
implemented by designers or practitioners focusing on health, 
well-being, and performance of the building occupants in specific 
lighting scenarios. Several related studies have explored ways to 
improve simulation accuracy through validation and calibration 
methods. For instance, [46] demonstrated that adjusting input 
parameters in office lighting simulations can yield high accuracy, 
with melanopic-to-photopic (M/P) ratios showing a mean bias 
error (MBErel) of less than 4% and a root mean square error 
(RMSErel) below 7%. In a follow-up study, [72] employed 
panoramic high dynamic range imaging (HDRI) and showed that 
nearly 90% of simulated lighting values had an absolute error 
below 20%, as visualized using a 360° residual map.   

Additionally, [64] proposed a calibration procedure based on 
one-time field measurements in a large sunlit office space. Their 
method resulted in relative RMSE values of 25.8% for horizontal 
and 45.5% for vertical illuminance, using a dataset of 540 offices to 
validate annual daylight and electric lighting simulations. 

These results highlight the increasing applicability of 
sophisticated calibration methods to improve the lighting 
simulation tools' predicted accuracy in a variety of interior settings. 
By combining these approaches, professionals may provide more 
consistent results that complement customized lighting plans and 
guarantee the best possible visual and non-visual impacts for a 
range of occupant requirements. Future studies on this topic can be 
directed toward expanding and applying the adaptive simulation 
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process aimed at optimizing lighting for various special lighting 
scenarios. 

Future research should explore the long-term effects of 
circadian-aligned lighting on athletic performance and well-being 
through field studies, thereby mapping in daily profiles of lighting 
systems that align with athletes' circadian profiles. Extending the 
adaptive simulation process to cover a range of indoor 
environments and specific lighting scenarios will enhance the 
applicability of these findings. Addressing these challenges will 
enable dynamic lighting systems to further optimize sports 
environments and support human-centered design principles 
across a wide range of applications.  
 

5. CONCLUSION 
This study has demonstrated the process of calibrating and 
validating a multispectral lighting simulation tool, namely Lark, in 
predicting the non-visual effects of light in the context of a 
badminton sports hall building with 80 installed LED luminaires. 
Based on the field measurements, the mel-EDI at each of the five 
badminton courts met the minimum recommended value of 250 lx. 
Simulation results of visual and non-visual metrics in Lark have 
been compared with the direct measurements. Regarding spectral 
irradiance patterns, Lark initially produced NRMSE values ranging 
from 0.885 to 1.589 with an average of 1.182. To address this, 
calibration was conducted using a random number function 
adjusted to accurately represent the direct measurement results. A 
total of 15,000 random scenarios were simulated to obtain the 
smallest PE. Following calibration, the NRMSE result for Lark 
showed improvement, ranging from 0.895 to 1.233 with an average 
of 1.042. 

The results for vertical illuminance in Lark before calibration 
showed PE ranging from 2.4% to 59.6%, with an average of 28.1%. 
After calibration, this was significantly reduced to a range of –0.4% 
to 1.5%, with an average of 0%. For mel-EDI, Lark before 
calibration exhibited a wide error range, from 36.7% to 115.0% 
(average 72.7%), whereas after calibration, the PE was reduced to a 
range of –10.9% to 28.6% (average 19.1%). Additionally, for CS 
prediction, Lark before calibration had a PE range from –13.7% to 
–0.3% (average –9.7%), while after calibration, the PE improved 
to a range of –1.6% to 12.9% (average 7.2%). 

Overall, this study highlights the importance of incorporating 
accurate simulation inputs and framework, in the approach to 
improve sports hall lighting design. While multispectral simulation 
tools can be effective for non-visual lighting prediction, their 
application in sports environments can benefit from context-
specific customization of the light sources and their installation 
onsite. The calibration methodology applied in this study enables 
Lark to simulate the circadian effective lighting design and its non-
visual effects with greater precision, supporting the performance 
and health of badminton athletes.  
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