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Abstract

:

Featured Application


In-field spatially resolved light measurements for the characterization of non-visual effects and proper prediction of the circadian effectiveness for human-centric lighting design.




Abstract


As one factor among others, circadian effectiveness depends on the spatial light distribution of the prevalent lighting conditions. In a typical office context focusing on computer work, the light that is experienced by the office workers is usually composed of a direct component emitted by the room luminaires and the computer monitors as well as by an indirect component reflected from the walls, surfaces, and ceiling. Due to this multi-directional light pattern, spatially resolved light measurements are required for an adequate prediction of non-visual light-induced effects. In this work, we therefore propose a novel methodological framework for spatially resolved light measurements that allows for an estimate of the circadian effectiveness of a lighting situation for variable field of view (FOV) definitions. Results of exemplary in-field office light measurements are reported and compared to those obtained from standard spectral radiometry to validate the accuracy of the proposed approach. The corresponding relative error is found to be of the order of 3–6%, which denotes an acceptable range for most practical applications. In addition, the impact of different FOVs as well as non-zero measurement angles will be investigated.
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1. Introduction


Circadian effectiveness is often used as a synonym for the potency of light to provoke positive, non-visual outcomes in humans. Here, the term ’non-visual’ collectively encompasses circadian [1,2], neuroendocrine [3,4], and neurobehavioral [5,6,7] responses mediated by signals from the retinal photoreceptors, i.e., from circuits of rods, cones, and intrinsically photosensitive retinal ganglion cells (ipRGCs). In recent years, lighting practitioners and engineers have particularly shown an increased interest in these kinds of light-induced, non-visual effects. One of the goals they pursue is to develop indoor lighting solutions that dynamically adapt to the physiological and biological needs of the occupants in support of positive human outcomes, such as a better sleep, health, and well-being [8], while still acknowledging the traditional, vision-related aspects of lighting quality [9]. This approach, also known as integrative or human-centric lighting (HCL) [10,11,12], implies the use of light for the benefit of people by taking into account the full range of its visual and non-visual effects.



When designing lighting solutions for the built environment, practitioners usually have to deal with lighting parameters that can be assigned to either of the following four categories [11,13]: (i) Light intensity, which represents the amount of light received by the occupants; (ii) Light spectrum, which determines the color quality, perceived chromaticity, and correlated color temperature (CCT) of an illumination; (iii) Temporal pattern, which includes the timing and duration of the light exposure; and (iv) Spatial light distribution, which is basically understood as the luminance pattern constituting the occupants’ field of view.



While at least a basic consensus among researchers and practitioners has been achieved regarding the impact of the first three categories on the human organism culminating in a number of acknowledged recommendations and standards for good lighting practice, see, e.g., Refs. [14,15,16,17,18,19,20,21], the literature on how nonuniform light distributions affect non-visual outcome measures is rather sparse and shows some inconsistencies between published studies. While Visser et al. [22] and Rüger et al. [23] both found that the circadian response in terms of nocturnal melatonin suppression is maximal when the nasal part of the retina is illuminated, Lasko et al. [24] and Glickman et al. [25] reported that a light exposure of the lower part of the retina (≙light from the upper visual field) is more effective in suppressing melatonin in humans compared to an exposure of the upper part of the retina (≙light from the lower visual field). In an earlier study conducted by Gaddy et al. [26], it was found that applying a 90  min  light pulse to only the inferior retina yielded a smaller melatonin suppression response than an on-axis full-field illumination of equal corneal illuminance. On the contrary, Smith et al. [27], who examined nocturnal melatonin suppression in older adults (>60 years) after 2  h  of light exposure to 1000  lx , reported no significant differences for an upper versus middle visual field stimulation. In a recently published study, Rea et al. [28] systematically investigated the relative light sensitivities of the four retinal hemi-fields (i.e., nasal, temporal, superior, and inferior) in terms of suppressing nocturnal melatonin secretion after 1  h  of corresponding blue light exposure (   λ max  = 470   n m   , 100  lx  at the cornea, monocular vision). In accordance with the conclusions drawn by Visser et al. [22] and Rüger et al. [23], they found that the nasal part of the human retina produced an approximately 15% greater response to circadian-effective light exposure than any of the other three retinal hemi-fields, where basically no significant differences occurred between temporal, superior, and inferior stimulation. In addition, Rea et al. showed that the level of nocturnal melatonin suppression caused by a homogeneous full-field illumination of the same 100 photopic lux at the cornea was not significantly different from what would be expected when averaging over the four hemi-fields. Finally, Knoop et al. [29,30] based on theoretical considerations showed that, by assuming a nonuniform distribution of the retinal photoreceptors contributing to non-visual effects, lighting conditions of equal vertical illuminance and equal melanopic irradiance at the cornea may still cause very different integrated receptor signals that eventually result in distinct non-visual outcomes.



Even though the literature provides clear evidence that information on the spatial light distribution is crucial for a proper prediction and comprehensive modeling of non-visual light-induced effects, it is still unknown how light contributions from different directions and with different incident angles should be weighted to come up with a reliable overall estimate of the circadian effectiveness in practical lighting applications. Despite this lack of knowledge, it seems expedient, though, to think about how to perform spatially resolved light measurements that may account for this kind of information. As a first step, the purpose of the present work therefore is to provide a novel methodological framework for in-field light measurements that allows for an estimate of the circadian effectiveness of a lighting situation for variable viewing angles and different field of view definitions. At a later stage, i.e., once the ongoing research on how to specifically weight light contributions from different directions has made significant progress, the proposed framework can easily be extended and adapted accordingly to comply with the latest findings.




2. Materials and Methods


The following sections are intended to give an overview of the proposed methodology and discuss the in-field light measurements performed in the office context to be used for its validation. For this purpose, Section 2.1 introduces the circadian stimulus (CS) metric as a physiologically relevant measure of circadian effectiveness in lighting and provides a dedicated approximation formalism to be applied for its estimation in the lit environment using a spatially-resolved imaging photometer. Section 2.2 describes the lighting scenarios used to validate the proposed measurement framework and provides further details on the measurement devices and experimental setup. The corresponding evaluation scheme for a spatially resolved estimation of CS for different viewing angles and field of view definitions is summarized in Section 2.3. A report on the validation results and a general discussion with regard to future improvements eventually follow in Section 3 and Section 4, respectively.



2.1. Circadian Stimulus


Much of the evidence on how light affects the human circadian system relates to studies dealing with nocturnal melatonin suppression and phase resetting [22,28,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65]. In two seminal studies, Brainard et al. [40] and Thapan et al. [41] exposed pupil-dilated human subjects to different monochromatic stimuli in the late evening hours and measured their resulting melatonin levels after 90  min  (Brainard et al.) and 30  min  (Thapan et al.) of light exposure using blood samples. Depending on the light intensity, melatonin suppression rates of up to about 70% could be observed. Using probe stimuli with corresponding peak wavelengths within the range from 420  n  m  to 600  n  m  (Brainard et al.) and from 424  n  m  to 548  n  m  (Thapan et al.), they consistently found that short-wavelength blue light shows a larger efficiency in suppressing nocturnal melatonin than long-wavelength red light. By pooling the reported results of both studies, Rea et al. [66,67,68] were able to develop a semi-empirical model of the spectral sensitivity of the human circadian system with a maximum peaking at about 460  n  m  and an approximately 110  n  m  wide absorption band at half-maximum sensitivity, which explicitly considers the physiology and neural mechanisms of circadian phototransduction [69,70]. Applying a constant half-saturation criterion methodology, Rea et al. determined for each test wavelength the relative amount of energy required to obtain 35% nocturnal melatonin suppression. For this purpose, they first converted the corresponding photon density rates at half-saturation extracted from both studies to the reciprocals of their respective corneal irradiance equivalents. Subsequent normalization to the maximum value (≙least amount of energy to reach half-saturation) yielded the final sample of data points used for model fitting. Based on the resulting spectral sensitivity approximation, Rea et al. eventually introduced a new measure of circadian light   CL A   which basically gives the flux per unit area spectrally weighted by the sensitivity of the circadian system as derived from the nocturnal melatonin suppression experiments. The corresponding mathematical model reads


   CL A  =       1548  ∫ M  c λ   E λ   d λ + 0.7   B λ  − 3.3   R λ        if   B λ  > 0        1548 ∫ M  c λ   E λ   d λ      if   B λ  ≤ 0      ,  



(1)




where


    B λ  = ∫   S λ   m  p λ     E λ   d λ − 0.2616 ∫   V λ   m  p λ     E λ   d λ   



(2)




represents the above threshold cone responses to light as a spectral opponent blue versus yellow (b–y) mechanism, which is additionally controlled by rod bleaching modeled as


   R λ  = 1 − exp     − ∫  V λ ′   E λ   d λ    6.5215  W /  m 2      .  



(3)







Here,   M  c λ    is the spectral sensitivity of melanopsin [71] corrected for crystalline lens transmittance [72,73],   E λ   is the corneal spectral irradiance of the light source measured vertically at eye level,   S λ   is the S-cone fundamental as defined by Smith and Pokorny [74],   m  p λ    is the macular pigment transmittance [75],   V λ   is the photopic luminous efficiency function [76] determined by the sum of L- and M-cone responses, and   V λ ′   is the scotopic luminous function [76].



Note that all known photoreceptors contribute to Equation (1). For    B λ  ≤ 0  , i.e., when the output of the b–y mechanism signals ’yellow’ because of the spectral nature of the perceived light source or generates no response in case of a unique green stimulus of 507  n  m , the spectral sensitivity of the circadian system is determined by the melanopsin-containing ipRGCs only. If, on the other hand, the b–y mechanism signals ’blue’, i.e., when    B λ  > 0  , the respective output from the cone network, which, from Equation (2), is given by the difference between macular-corrected S-cone responses and the likewise macular-corrected   V ( λ )   function (≙the sum of L- and M-cone responses), adds to the output of the ipRGCs. This overall circadian response is further modified by a rod-dominated shunting inhibition of the dendrites of the depolarizing ipRGCs that is mediated through aII amacrine cells and expressed by Equation (3).



To obtain a reliable estimate for the circadian effectiveness of an arbitrary light source, Rea and Figueiro [68] defined the circadian stimulus (CS) metric, which gives the functional relationship between the light source’s model-weighted irradiance of Equation (1) and its theoretically provoked melatonin suppression in percent with regard to a 1  h  light exposure. The corresponding equation reads


  CS = 0.7 −   0.7   1 +     CL A   355.7     1.1026     .  



(4)




As further shown by Truong et al. [77], the CS value of white light sources can be approximated with sufficient accuracy from measurements of the photopic illuminance   E v   in lux and the colorimetric 2   ∘   chromaticity coordinate z by using


  CS  ( z ,  E v  )  =      0.7 −   0.7   1 + 0.016781  ·    ( z  ·   E  v   0.509265   )   2.268904         if  z > 0.195       0.7 −   0.7   1 + 0.011376  ·    z  ·   E v    1.109998         if  z ≤ 0.195      .  



(5)




The approximation of Equation (5) is valid for white light sources in the range from 10  lx  to 10,000 lx, with both z and   E v   being captured vertically at eye level using standard measurement equipment. This, in particular, facilitates field measurements as the determination of CS according to Rea et al.’s model definition of Equations (1)–(4) requires either an expensive spectroradiometer or at least a very specific measurement device, a so-called Daisymeter [78,79], both of which must be considered as non-standard equipment in lighting practice. Compared to the original CS calculation, Truong et al.’s approximation showed a maximal prediction error    | Δ CS |  max   of less than 0.058, as validated on a large database of measured absolute light spectra (  n = 7923  ) of various white light sources including LED lamps and luminaires, conventional incandescent and fluorescent emitters, and daylight (mixed-)illumination conditions.



Even though the CS metric has successfully been applied in various laboratory and field studies to quantify lighting interventions and to explore the correlations between the lighting conditions and different choices of physiologically and clinically relevant outcome measures [80,81,82,83,84,85], it must be stated that the underlying model still shows some fundamental limitations that, for the sake of completeness, should not remain unmentioned here.



First of all, the model framework proposed by Rea et al. pools two different sets of nocturnal melatonin suppression data collected under distinct experimental conditions without explicitly accounting and correcting for potential idiosyncrasies that can be expected due to the different timing, duration, and intensities of light exposure used by the respective study protocols and, thus, are likely to have a non-negligible impact on the model fit. Second, the resulting circadian light   CL A   definition and with it the CS metric both show a discontinuity at    B λ  = 0  . Despite the evidence provided from literature that the discontinuity approximates the experimentally observed spectral opponency effect that requires a subadditive component to be an essential feature of the corresponding spectral sensitivity function [45,46,56], it appears to be physiologically and biologically implausible that a minimal change in the lighting conditions may cause such a massive difference in the output. Third, the impact of pupil area is not considered by the CS definition. A systematic investigation of circadian phototransduction for different pupil sizes—independent of the luminous stimulus—would therefore be required to achieve a more comprehensive and adequate modeling [70]. Fourth, the current model is not capable of predicting effects of temporal dynamics, for example caused by intermittent light exposures (c.f., [86,87]) or, more generally speaking, by dynamically changing lighting conditions. Fifth, the CS metric is solely based on melatonin suppression data collected during the nighttime hours. Even though it is constraint by the neuroanatomy, neurophysiology, and operating characteristics of the human circadian system [68] and, thus, capable of describing certain light-induced effects reasonably well, it does not address the wide range of potential biological responses that could be measured as a result of suitable light exposure (e.g., phase shifting, core body temperature, alertness, etc.) [69]. Finally, preliminary evidence from literature suggests that the short-term history of light exposure affects the sensitivity of the circadian system to light [43,88,89], an important feature which so far is not covered by the CS metric definition.



Despite this relatively long list of limitations, which certainly emphasizes the need for significant model improvements, the CS metric still provides the most accurate and complete available model of the spectral sensitivity of the human circadian system, with its physiological relevance having been validated in many field studies [81,84,90,91,92,93,94,95,96]. This previous research basically emphasizes the suitability and biological meaningfulness of the CS metric to be used in the present work for assessing the circadian effectiveness of the indoor lighting conditions in the office context, where the following thresholds can be established from literature [81,83,84,90,92,93,94,96,97]: For   CS ≥ 0.3  , representing a large circadian stimulus, positive effects on the office workers’ sleep quality, mood, and stress perception are expected; for moderate stimuli with   0.15 < CS < 0.3   there are likely neither positive nor severe negative effects to be reported; for   CS ≤ 0.15  , an insufficient circadian stimulation must be concluded, which may lead to progressive circadian disruptions and severe negative effects on the office workers’ well-being, sleep quality, and after-work recovery abilities.




2.2. Light Measurements


To evaluate the circadian effectiveness of typical workplace lighting conditions, suitable light measurements are required. In this work, a spatially resolving luminance imaging photometer LMK-5 color (TechnoTeam Bildverarbeitung GmbH, Ilmenau, Germany) was used to measure the luminance distribution in the visual field of office workers while doing typical computer work. Besides providing spatially resolved luminance data, the imaging photometer system is also capable of acquiring corresponding color information. A combination of built-in filters intended to approximate the CIE 2   ∘   color matching functions [98] allows for a pixelwise estimation of the   X Y Z   tristimulus values of the image content, or more precisely of the light-reflecting objects in the visual field. These colorimetric data in conjunction with the vertical illuminance per pixel calculated from the respective luminance matrix can be used to obtain an estimate for the CS values experienced by the office workers based on Truong et al.’s approximation method (see also Section 2.3). As can be seen from Figure 1A,B, the imaging photometer is equipped with a fisheye lens enabling to capture the complete half space to assess the non-image-forming (NIF) effects of the illumination of the workplace (incl. self-luminous displays) and its surroundings. For evaluation purposes, an additional spectral radiometer sensor CSS-45 (Gigahertz Optik GmbH, Türkenfeld, Germany) is mounted next to the imaging photometer on a standard camera tripod and is used to measure the spectral irradiance   E λ   integrated over the complete half space with a proper cosine correction. These measurements are eventually used to calculate CS according to Rea et al.’s original model formalism and allow for a direct comparison between model predictions and approximation results.



In total, nine different office workplaces at the Laboratory of Lighting Technology at the Technical University of Darmstadt, Germany have been selected for this study to serve as generic examples of typical office environments. Corresponding light measurements are performed with regard to the circadian effectiveness of the prevalent lighting conditions including daylight entry through windows. The workplaces are all located on the 2nd floor of the institute’s building shown in Figure 2 and are distributed over four different medium-sized, white-painted office rooms with an approximately   4.5   m × 5.7   m   layout and a height of   3.2    m . As illustrated in Figure 3, each room comprises two   1.45   m × 2   m   window areas for natural daylight entry. In each case, the artificial room illumination is realized by four Quadrature   ®   5MQ238D2H pendant office luminaires (SITECO GmbH, Traunreut, Germany) suspended from the ceiling at a height of   2.8    m . Each luminaire offers a direct-indirect light emission characteristic, see Figure 4, provided by two LT T5 54W/958 NARVA BIO vital   ®   5800  K  fluorescent tubes (NARVA Lichtquellen GmbH & Co. KG, Brand-Erbisdorf, Germany), one for the up- and the other for the downlight component, which are mounted to a slim linear housing with micro-prismatic optics to ensure a homogeneous, glare-free room illumination. Each workplace is equipped with a laptop that is connected to a 24-inch computer monitor. As can be seen from Figure 1B, the monitor is centrally aligned to the office desk, whereas the laptop is accordingly placed on either its left- or right-hand side depending on the preference of the user. Additional objects available in the visual field, such as textbooks, coffee pots, keyboards, etc., as well as the image content displayed on the computer monitor are also user-dependent and not controlled by the experimenters in order to obtain a more realistic cross-sectional representation of the actual working conditions.



To perform the corresponding light measurements, the luminance imaging photometer is positioned in such a way that the image acquisition concurs with the typical viewing range of an average sized person sitting at the office desk and being engaged in display/computer work. Thus, as can be seen from Figure 1B, the tripod with the measurement devices is placed centrally in front of the office desk and adjusted to a height of 120  c  m , which, according to DIN EN 12464-1 [99], corresponds to the average viewing height of a seated person. The lens aperture of the imaging photometer and the light diffuser of the radiometric sensor are aligned to the front edge of the office desk, both pointing perpendicularly towards the plane of the workplace’s computer monitor so that the corresponding tilt angle  α  of the tripod initially equals zero. In a second step, the impact of a non-zero tilt angle on the reported measurement results will be explored and compared to those obtained for the initial   α = 0   ∘    setting (see Section 3). In all cases, the average ± standard deviation (SD) distance between the measurement devices and the respective computer monitor is 75 ± 2  c  m .




2.3. Measurement Analysis


As discussed in the previous section, the measurement setup used in this work permits the spatially resolved estimation of CS as a measure for the circadian effectiveness of the lighting conditions encountered for a sample of typical office workplaces. For this purpose, the   m × n   luminance matrix  L  obtained as output from the imaging photometer must first be converted into a   m × n   illuminance matrix  E , where   m × n   corresponds to the pixel resolution of the measurement device, which, in the present case of the LMK-5 color, is   1030 × 1380   effective pixels. For an arbitrary pixel position (  i , j  ), where   i = 1 , . . . , m   and   j = 1 , . . . , n  , the partial illuminance can be calculated using


   E  i j   =  L  i j    ·   Ω  i j    ·  cos   E  i j    ·   π  180   ∘     ,  



(6)




where the matrix  Ω  summarizes the solid angles associated with each of the different pixel locations, while the matrix  E  gives the angles between an arbitrary pixel position and the imaging photometer’s center of view. Note that both matrices are fixed characteristics of the used camera lens system to be determined by calibration and, basically, do not change across measurements.



By summing over all pixel values, an estimate of the vertical illuminance at the position of the imaging photometer can thus be determined and is given by


   E LMK  =  ∑  i = 1  m   ∑  j = 1  n   E  i j   .  



(7)




The average tristimulus values   X LMK  ,   Y LMK  , and   Z LMK   are obtained in a similar manner by summing over all measured pixel values   X  i j   ,   Y  i j   , and   Z  i j   , respectively, and dividing each of these sums by the total number of pixels:


     X LMK     =  1  m  ·  n    ∑  i = 1  m   ∑  j = 1  n   X  i j   ,       Y LMK     =  1  m  ·  n    ∑  i = 1  m   ∑  j = 1  n   Y  i j   ,       Z LMK     =  1  m  ·  n    ∑  i = 1  m   ∑  j = 1  n   Z  i j   .     



(8)




The chromaticity coordinate   z LMK   required for estimating the circadian stimulus   CS LMK   from the image capture is then obtained from


   z LMK  =   Z LMK    X LMK  +  Y LMK  +  Z LMK    .  



(9)







Inserting Equations (7) and (9) into Equation (5) eventually yields


   CS LMK   (  z LMK  ,  E LMK  )  =      0.7 −   0.7   1 + 0.016781  ·    (  z LMK   ·   E  LMK   0.509265   )   2.268904         if   z LMK  > 0.195       0.7 −   0.7   1 + 0.011376  ·     z LMK   ·   E LMK    1.109998         if   z LMK  ≤ 0.195       



(10)




as an estimate for the circadian effectiveness of the captured lighting conditions as experienced by an office worker, obtained by applying Truong et al.’s approximation method to the measurement output of the imaging photometer.



In addition to the spatially resolved image capture of the luminance photometer, the measurement setup discussed in Section 2.2 also allows for a direct calculation of CS using the original model formalism of Equations (1)–(4) and the spectral irradiance obtained from the CSS-45 measurements. The model predictions can thus be compared to the approximation results by calculating the corresponding error estimate   Δ CS   defined by


   Δ CS = |   CS CSS  −  CS  LMK  ∘   | ,   



(11)




where the superscript circle next to   CS LMK   symbolizes that the respective pixel summations of Equations (7) and (8), like the CSS-45 measurements, should cover the complete half space. Similarly, the relative deviation   Δ  E rel    between the measured illuminances can be calculated using


  Δ  E rel  =     |   E CSS  −  E  LMK  ∘   |    E CSS    ,  



(12)




where


   E CSS  =  683   lm   W    ·  ∫  E λ   V λ   d λ  



(13)




gives the illuminance as derived from the CSS-45 measurements. The goal is to show that both ways of measuring and estimating CS essentially yield the same result.



An advantage of working with the spatially resolved luminance data rather than using integrative measures of fixed half-space geometry is that the former, in contrast to the latter, basically allows for selecting relevant light directions and weighting them accordingly to account for the nonuniform distribution of the different types of retinal receptors contributing to NIF effects. As discussed in the Introduction of this paper, evidence from literature on light-induced melatonin suppression and circadian phase shifting suggests that the circadian effectiveness of a light stimulus depends on its spatial distribution. However, studies that systematically investigated such NIF effects as a function of the direction of light exposure are still sparse and even show some inconsistencies between their reported conclusions. This largely explains the fact that, up to the present day, there are no standardized guidelines or recommendations on how to properly weight lighting contributions from different directions of the half-space with regard to their relevance for stimulating the circadian system, in particular since the relevance of specific retinal regions and their respective sensitivity weighting have not been fully elucidated yet.



In the present work, we therefore limit our considerations to three exemplary viewing angle/field of view (FOV) definitions obtained by geometrically masking the data output of the luminance imaging photometer using an ellipse equation of the form


       x  i j   −  m x   2   r  x  2    +      y  i j   −  m y   2   r  y  2    = 1 ,  



(14)




where   x  i j    and   y  i j    denote the pixel positions and   r  x  2   and   r  y  2   the extents of the ellipse in x- and y-directions, while   m x   and   m y   are the respective coordinates of the central focus point and ellipse center. The three different pixel maskings considered in this work are shown in Figure 5 and represent (a) a half-space geometry, (b) the FOV definition of CIE S 026:2018 [15], and (c) the FOV of an assumed 120   ∘   observer. Again, it should be emphasized that there are no official recommendations or standards yet that could guide through the process of adequately weighting light contributions originating from different directions of the half space for a proper modeling of the overall circadian effectiveness of the illumination and/or the lit environment. Nevertheless, the general methodology of the spatially resolved approximation strategy discussed in this should also be noted, and the preceding sections can easily be adapted to any suitable masking or light-direction weighting scheme once it has been established based on scientific evidence.





3. Results


This section summarizes the results of the exemplary in-field office light measurements performed at the Laboratory of Lighting Technology, TU Darmstadt, where the proposed methodology discussed in the previous sections was applied. In order to evaluate the accuracy of this novel approach, Table 1 shows the circadian stimulus   CS  LMK  ∘   and illuminance   E  LMK  ∘   half-space estimates as calculated from the spatially resolved output of the LMK-5 color imaging photometer for each of the nine different office workplaces considered in this study and compares them to the CSS-45 measurement results serving as the corresponding reference values. Additionally tabulated are the error estimates   Δ CS   and   Δ  E rel   , which were calculated from Equations (11) and (12), respectively. As can be seen, the deviations between the reported LMK-5 color and CSS-45 measurement results are negligibly small from a practical point of view (≙no statistically significant differences between mean values). In all cases, the relative illuminance error   Δ  E rel    is less than   4.3  % (⌀ =   1.61  %), while a maximal absolute deviation of only 0.016 (⌀ = 0.011) is observed for the CS values. In summary, these results suggest a relative estimation error of the spatially resolved measurement approach of 3–6%, which denotes an acceptable range for most practical applications. In the present case, the largest   Δ  E rel    and   Δ CS   errors are observed for the workplaces #3 and #9. In comparison to the other measurements, these results can be explained by the greater amount of chromatic information constituting the FOV at these specific workplaces, which can be attributed to the greater number of personalized colored items (textbooks, coffee pots, photographs, etc.) that were present in these cases and the more colorful image content displayed on the respective monitors. As the approximation formula of Equation (5) was developed for white light sources/emitters only, any chromatic content predominating the FOV above a certain degree may result in larger estimation errors. Likewise, the luminance error in Equation (6), from which   E  LMK  ∘   is calculated, increases for chromatic content leading to a larger   Δ  E rel    error in cases where the amount of colored, non-achromatic information is predominant in the respective FOV.



In order to illustrate how different FOV definitions may alter the measurement results, Table 2 summarizes the vertical illuminance and CS values for each of the nine office workplaces as obtained by applying the different exemplary data maskings introduced in Section 2.3. As can be seen, the average half-space estimates were significantly larger than the corresponding mean values observed for both alternative evaluation schemes. Compared to the results determined for the entire half-space, average reductions in vertical illuminance of 43% and 39% can be observed for the CIE and the 120   ∘   masking, respectively. A similar behavior must be reported for the mean CS results, where the 120   ∘   masking gives a 26% smaller value than the half-space evaluation, while an even larger decrease of 29% is obtained for the CIE masking scheme. Even though the latter, due to its elliptical shape, covers a larger area than, for example, the 120   ∘   observer, it still yields the smallest overall mean values. This finding can be explained by the fact that the corresponding ellipsis only extends up to 50   ∘   in the upward direction so that, compared to the other two evaluation schemes, larger parts of the light coming from the upper visual field (i.e., the ceiling) are excluded as non-relevant for calculating the respective outcome measures.



Sufficiently high CS values (>0.3) are only observed when integrating over the complete half-space, where an overall mean   CS  LMK  ∘   of 0.340 is obtained. Significantly smaller values of 0.253 and 0.241 must be reported for the 120   ∘   and CIE maskings, respectively. The considerably lowest circadian effectiveness of all workplaces is observed for workplace #9 showing a CS value of 0.232 for the full half-space evaluation, of 0.136 for the 120   ∘   masking, and of 0.138 calculated from the FOV definition of the CIE. Compared to the workplaces #1–8, which were measured on a cloudy day between 12:00 p.m. and 1:00 p.m., workplace #9 was assessed in the evening, where natural daylight entry through windows was significantly reduced, leading to less circadian-effective overall room light conditions in the latter case than reported for the remaining workplaces.



Thus far, the reported measurement results of circadian effectiveness at the various office workplaces were obtained for a tilt angle of the measurement devices of   α = 0   ∘    at a height of 120  c  m  derived from DIN EN 12464-1. However, with the standard desk orientation of a computer monitor being slightly below the horizontal viewing axis of a seated office worker, see Figure 5, it seems to be expedient to also discuss how a non-zero tilt angle may affect the measurement results. Assuming a typical computer work scenario, it can be expected that the office worker’s gaze is primarily attracted by the displayed information in front of them and, as a result of the computer monitor’s off-axis position, leads to a different overall circadian stimulation than estimated from a horizontal on-axis measurement. Table 3 therefore summarizes for each of the nine different office workplaces considered in this work the respective measurement results obtained for a non-zero tilt angle of the spatially resolved imaging photometer of   α = − 10   ∘    so that its optical axis is aligned to the center of the computer monitor’s display. As can be seen, the reported illuminance and CS values decreased considerably. Compared to the horizontal on-axis results shown in Table 2, the average illuminance (CS) values obtained for the half-space evaluation, the 120   ∘   masking, and the FOV definition of the CIE are reduced by 17% (10%), 20% (13%), and 16% (11%), respectively. This decrease in circadian effectiveness complies with the reduced amount of ceiling light that is expected to arrive at the observers’ eyes when their gaze is focused slightly downward in order to be in line with the computer monitor’s orientation on the office desk.




4. Discussion


In this work, a novel methodological framework for the performance of in-field light measurements has been proposed and validated that allows for a spatially resolved approximation of the circadian effectiveness of a lighting situation in terms of the physiologically relevant CS measure using an imaging photometer. As it has been shown, this framework can easily be adapted to comply with arbitrary FOV definitions and, at a later stage, extended accordingly to enable the directional weighting of lighting contributions emerging from different parts of the lit environment. The latter, in particular, constitutes an open field of ongoing research with still a lot of unknowns so that, at present, no specific recommendations on how to weight light contributions from different directions to come up with a reliable estimate of the circadian effectiveness of a lighting condition do exist or can be made yet. Nonetheless, the current work clearly shows the flexibility and accuracy of the proposed approach in evaluating spatially resolved in-field light measurements with regard to the determination of an overall circadian effectiveness of the prevalent lighting conditions by reporting results for different exemplary FOV definitions in the office context.



In particular, it could be shown that the resulting vertical illuminance-at-eye and CS measures not only strongly depend on the specifically applied FOV masking but also on the angle of measurement, although the horizontal illuminance and with it the luminance distribution on the office desk do not change. Assuming a standard layout of the lighting design for office environments, i.e., light is primarily coming from above the observers/from the ceiling, a declination of the measurement angle towards the computer monitor’s position on the office desk yields a significant reduction of the respective outcome measures, which complies with the reduced amount of (ceiling) light supposed to arrive at the observers’ eyes when their gaze is fixated to the computer monitor. For a reliable estimate of the true circadian effectiveness that can be expected in the field, it is therefore not only crucial to know how light contributions from different directions must be weighted but also to know where exactly and for how long an office worker is gazing. Of course, this kind of information seems to be unrealistic to be obtained on an individual level; however, the goal should be to develop representative statistical probability models of gaze behavior that, in addition to the future introduction of a weighting scheme for directional light contributions, can be used to obtain a true and reliable prediction of the circadian effectiveness of the lit environment from corresponding in-field measurements.



As for example described by Kobbert [101] for the automotive context, the required data to develop this kind of statistical models can be obtained by combining in situ eye-tracking [102] with state-of-the-art object recognition algorithms in order to determine characteristic gaze behavior distributions of office workers for a typical office day, e.g., like in the present case, with a focus on display work. The availability of such context-dependent eye-tracking based gaze behavior models does not only help to perform more reliable and meaningful estimates of the circadian effectiveness of the lit working environment adopting the novel measurement approach proposed in this work, but may also contribute to the optimization of the respective luminaires’ light distributions to match the specific, task-related visual needs of the office workers [13]. Their development will be part of our future research efforts.



Regarding the specific metric used for estimating circadian effectiveness in the lighting context, it would certainly be beneficial to also consider alternative measures alongside CS, which for practical reasons was within the focus of the present work. The Commission Internationale de l’Éclairage (CIE) recently published the new CIE S 026/E:2018 standard [15], which defines the basic metrology to describe the ability of optical radiation to stimulate each of the five photoreceptor types that can contribute via the ipRGCs to retina-mediated non-visual effects of light in humans. In this context, the melanopic equivalent daylight (D65) illuminance (melanopic EDI) has been proposed—similar to CS—as a metric for the prediction of the circadian impact of the environmental illumination, in particular to guide future health-related lighting design [103,104]. However, in contrast to the CS metric, for which Truong et al. developed the approximation method of Equation (5), no such simplification using standard photometric and colorimetric quantities has yet been established for the melanopic EDI measure, which, in its current form, is therefore unsuitable for being used within the new spatially-resolved light measurement framework proposed in this work. Nonetheless, future research to describe the circadian effectiveness of lighting should also focus on such CS alternatives that show a comparable predictive performance over a wide range of conditions [103].



Current restrictions of the proposed methodology can mainly be attributed to the fact that there is no applicable and validated recommendation on how to properly weight light contributions from different directions to obtain a truly reliable estimate of the overall circadian effectiveness of a lighting condition. As long as such a weighting scheme has not been fully established, the present work still appears to be limited in its practical relevance. However, it should again be stressed that the proposed framework can easily be extended and adapted accordingly to comply with any desired weighting scheme. A further limitation of the proposed approach can yet be identified in the increase of the model uncertainties for chromatic content. As discussed in Section 3, corresponding error estimates rise considerably when the amount of colored, non-achromatic information becomes predominant in the illuminated scene to be captured. Thus, a systematic and accurate characterization of these errors to delineate the worst-case scenario seems to be indicated and should be performed as part of future research. In addition, working towards an improvement of Truong et al.’s approximation method of Equation (5) to achieve an adequate modeling of not only white light sources but also monochromatic or colored emitters may in general lead to a better overall model performance.



Finally, it should be noted that, for an accurate prediction of non-visual effects on human outcome measures from in-field light measurements, the timing and duration of light exposure also need to be considered. As it was confirmed empirically in the past [44,65], circadian effectiveness is not only a matter of spatial light distribution, spectral composition, and intensity but also determined by the time people are exposed to a certain illumination or light condition. For that reason, future developments for an improved validity and interpretability of light measurements in the non-visual domain must account for the possibility of including temporal light exposure profiles that predict the timing and duration an individual is expected to be exposed to a certain lighting condition. Wearable, sensor-based light tracking over longer duration periods that allows for a time-resolved collection of light information can thus be a valuable tool for the derivation of such characteristic, context-dependent temporal light exposure patterns. By complementing the concepts of a directional and gaze-dependent weighting of lighting contributions, the explicit inclusion of temporal information may allow for a better and more comprehensive prediction of the non-visual effects that can be expected from in-field light measurements using the spatially resolved measurement framework proposed in this work.
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Figure 1. Measurement setup. (A) Luminance imaging photometer LMK-5 color with fisheye lens (right) and CSS-45 radiometer sensor (left) mounted both to the same camera tripod; (B) alignment of the measurement setup for assessing the NIF impact of the illumination of a typical display workplace and its surroundings. 
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Figure 2. Geolocation (left) and image representation (right) of the institutional building. The various office workplaces serving as examples to evaluate the proposed methodology for spatially-resolved light measurements are all located on the 2nd floor given by the uppermost row of windows shown on the right. 
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Figure 3. Room layout and luminaire positions (yellow-shaded rectangles) of the 2nd floor offices of the Laboratory of Lighting Technology at TU Darmstadt. Nine different workplaces were selected to perform the spatially resolved light measurements as proposed in this work. Workplaces #1–8 were measured on a cloudy day between 12:00 p.m. and 1:00 p.m., whereas workplace #9 was measured in the evening of the same day at 6:00 p.m. 
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Figure 4. Image representation and light emission characteristics expressed in terms of a polar luminous intensity graph of the Quadrature   ®   5MQ238D2H pendant office luminaires installed in the test offices. Additionally tabulated are the expected luminance values for different viewing angles, Unified Glare Rating (UGR) estimates, as well as the luminaire efficiency   η LB   including a breakdown of direct/indirect contributions [100]. 
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Figure 5. Masking possibilities for the   CS LMK   calculation considered in this work. (A) Half-space geometry; (B) field of view definition of CIE S 026:2018 [15]; (C) field of view of an assumed 120   ∘   observer. 
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Table 1. Illuminance and CS half-space estimates calculated from the CSS-45 spectroradiometric measurements and the spatially resolved output of the LMK-5 color imaging photometer. Additionally tabulated are the corresponding error estimates   Δ  E rel    and   Δ CS  .
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CSS-45

	
LMK 5 Color

	

	




	
Workplace

	
   E CSS    in lux

	
    CS CSS    

	
   E  LMK  ∘    in lux

	
    CS  LMK  ∘    

	
   Δ  E rel     in %

	
    Δ CS    






	
#1

	
372.4

	
0.359

	
373.9

	
0.351

	
0.40

	
0.008




	
#2

	
414.3

	
0.379

	
418.8

	
0.373

	
1.09

	
0.006




	
#3

	
372.7

	
0.342

	
362.8

	
0.326

	
2.66

	
0.016




	
#4

	
370.0

	
0.343

	
371.1

	
0.331

	
0.30

	
0.012




	
#5

	
387.0

	
0.360

	
380.6

	
0.350

	
1.65

	
0.010




	
#6

	
399.4

	
0.370

	
394.9

	
0.358

	
1.13

	
0.012




	
#7

	
421.8

	
0.372

	
414.4

	
0.364

	
1.75

	
0.008




	
#8

	
389.7

	
0.350

	
384.9

	
0.339

	
1.23

	
0.011




	
#9

	
257.3

	
0.247

	
268.3

	
0.232

	
4.28

	
0.015




	
average

	
383.7

	
0.351

	
381.7

	
0.340

	
1.61

	
0.011




	
SD

	
39.9

	
0.032

	
36.5

	
0.034

	
1.23

	
0.003
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Table 2. Comparison of the illuminance and CS values calculated from the spatially resolved light measurements for the different FOV definitions, i.e., a half-space geometry, an assumed 120   ∘   observer, and the FOV definition of CIE S 026:2018.
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	Workplace
	   E  LMK  ∘    in lux
	   E  LMK   120   ∘      in lux
	   E  LMK    CIE     in lux
	    CS  LMK  ∘    
	    CS  LMK   120   ∘      
	    CS  LMK  CIE    





	#1
	373.9
	223.1
	229.9
	0.351
	0.267
	0.271



	#2
	418.8
	256.0
	245.6
	0.373
	0.289
	0.285



	#3
	362.8
	218.6
	203.4
	0.326
	0.239
	0.225



	#4
	371.1
	235.5
	189.2
	0.331
	0.256
	0.221



	#5
	380.6
	242.1
	217.5
	0.350
	0.269
	0.254



	#6
	394.9
	244.0
	240.9
	0.358
	0.271
	0.269



	#7
	414.4
	241.5
	235.0
	0.364
	0.268
	0.264



	#8
	384.9
	200.1
	202.1
	0.339
	0.223
	0.224



	#9
	268.3
	155.0
	158.6
	0.232
	0.136
	0.138



	average
	381.6
	232.1
	216.4
	0.340
	0.253
	0.241



	SD
	36.5
	27.4
	23.3
	0.034
	0.037
	0.036
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Table 3. Comparison of the illuminance and CS values calculated from the spatially resolved light measurements for the different FOV definitions and a non-zero tilt angle   α = − 10   ∘   .
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	Workplace
	   E  LMK   - 10   ∘  , ∘     in lux
	   E  LMK   - 10   ∘  , 120   ∘      in lux
	   E  LMK   - 10   ∘  , CIE     in lux
	    CS  LMK   - 10   ∘  , ∘     
	    CS  LMK   - 10   ∘  , 120   ∘      
	    CS  LMK   - 10   ∘  , CIE     





	#1
	324.4
	192.0
	185.7
	0.325
	0.242
	0.237



	#2
	353.8
	223.7
	212.5
	0.342
	0.270
	0.262



	#3
	306.3
	178.0
	191.4
	0.293
	0.206
	0.211



	#4
	314.7
	169.0
	190.7
	0.301
	0.210
	0.222



	#5
	317.4
	195.7
	186.6
	0.316
	0.238
	0.230



	#6
	334.6
	205.3
	185.3
	0.326
	0.246
	0.229



	#7
	338.7
	203.0
	188.5
	0.324
	0.242
	0.229



	#8
	305.8
	158.8
	151.4
	0.295
	0.193
	0.183



	#9
	269.9
	148.6
	149.1
	0.234
	0.129
	0.127



	average
	318.4
	186.0
	182.4
	0.306
	0.220
	0.214



	SD
	22.7
	22.9
	18.9
	0.030
	0.039
	0.037
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