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Abstract

In lighting design and architectural illumination planning
simulations of luminance and illuminance distributions within
scenes are performed using rendering tools such as RADIANCE.
In this paper we focus on the evaluation by two action spectra
other than the luminous efficiency function — the circadian action
function describing the melatonin suppression and the photosyn-
thesis action function. We show how indices that are derived from
these action spectra can be calculated from spectrally rendered
images of a real-world scene. For both action spectra we derive
approximations based on the CIE color matching functions that
allow estimations of the corresponding index from RGB rendered
images. We evaluate the differences between the spectral results
and the RGB approximations for an office room with three differ-
ent types of illumination.

Background

Physically based rendering packages such as RADIANCE
are used in lighting design and architectural illumination plan-
ning for simulations of luminance and illuminance distributions.
Especially for daylight simulations and daylight factor calcula-
tions this rendering tool is widely used and was shown to be
accurate in [1, 2, 3]. However, spectral rendering is necessary
if highly accurate results are desired as for example color shifts
may occur when calculations are performed in the RGB color
space [4, 5].

In the present study not only the CIE photopic luminous
efficiency function V(A) that is used to calculate (il)luminances
from (ir)radiances and which equals the CIE color-matching fun-
tion y [6], but also other weighting functions are considered. In
detail, two action spectra are used for evaluations in a real-world
test scene: the circadian action function describing the melatonin
suppression and the photosynthesis action spectrum representing
a plant’s photosynthesis activity.

Circadian action function
The hormone melatonin, which is mainly secreted during the
night, is primarily responsible for the regulation of the circa-
dian rhythm. Light in general and radiation in the blue part of
the visible spectrum in particular suppresses the secretion of this
hormone. Gall [7] defines a circadian action function ¢(A4) that is
based on experimental data from Brainard [8] and Thapan [9] for
light-induced melatonin suppression. The spectral distribution of
¢(A) is shown in Figure 1.

Using this circadian action function, Gall calculates the cir-
cadian radiation quantity X,., which we refer to as C, by

c— /o(l)c(/l)dk (1

and defines the circadian action factor a, in relation to the CIE
luminance Y as
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for a given spectral power distribution (SPD) ¢. In the current
study we use the values for Gall’s circadian action function c(1)
that are given in [7] and simulate the distribution of the circadian
action factor a., within a real-world scene.

Photosynthesis action spectrum
Plants as well as some algae and bacteria are able to generate car-
bohydrates and oxygen from carbon dioxide, water, and light en-
ergy. The action spectrum for this photosynthesis process differs
for various plants and is subject of scientific research [10, 11].
In the current study we use the photosynthesis action spec-
trum sy(A) that is defined by the German Institute for Standard-
ization (DIN) in the document DIN 5031-10 [12] and calculate
the photosynthesis activity SY from

Sy — / S(A)sy(A)dA 3)

for a SPD . The spectral distribution of sy(A) is shown in Fig-
ure 1.
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Figure 1.  Spectral distributions of the circadian action function c(1) as

defined by Gall and the photosynthesis action spectrum sy(A) as given in
DIN 5031-10.

Spectral Rendering

For spectral rendering with RADIANCE [13, 14] various
proposals were presented in the literature. Both Delahunt and
Brainard [15] and Ruppertsberg and Bloj [4, 16] use N-step
algorithms with multiple calls to the RGB renderer together
with a post-processing step to gather the images. Delahunt and
Brainard render a single monochromatic image for each wave-
length, whereas Ruppertsberg and Bloj put independent wave-
lengths in each of the three channels. In the latter case wave-
lengths from the red, green, and blue part of the spectrum should
be combined because otherwise the calculation of brightnesses
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in RADIANCE given by
b(R,G,B) =0.265-R+0.670-G+0.0648 - B 4)

might lead to inaccuracies in algorithms that are steered by this
function. Geisler-Moroder and Diir [5] present an approach for
spectral rendering with RADIANCE using a discrete represen-
tation of the spectrum with 81 values equally spaced between
380nm and 780nm. They expand the brightness function from
the RGB approximation to the CIE tristimulus value Y, i.e.

780
b(o)=Y(o) = [ "o(t)sa)ar ®
for a SPD o and the CIE color-matching funtion y.

For the current study we adopt and slightly modify this ap-
proach. Because RADIANCE is intended to be used for simula-
tions of real-world scenes as observed by humans, the brightness
function that approximates the CIE Y tristimulus and thus the hu-
man brightness perception is used for steering algorithms in the
ray tracing process. However, since we use different weighting
functions for brightness (¥(1)), melatonin suppression (c(1)),
and photosynthesis activity (sy(A)), we re-define the brightness
function in RADIANCE via the constant 1-function as

780
b(o) = / 1-6(A)dA. ©)
380

In this way all parts of the spectrum are treated equally and in-
accuracies in brightness-steered algorithms of RADIANCE are
avoided in exchange for a slight computational overhead. In
a post-processing step we are then able to apply the sensitivity
functions j(4), ¢(4), and sy(A4), and compute the indices C, Y,
and SY from a single spectral image.

Test scene

Our test scene shows an office room that contains three dif-
ferent sources of illumination — windows, ceiling lamps, and
computer monitors. Figure 2 shows an overview of the scene
and Figure 3 the view from the the front workplace. The win-
dows are simulated as light sources using the spectrum of the
CIE standard illuminant D65 [6] with a luminance of 1000cd/m?.
The spectra of both the TFT display, that emits white light only,
and the LED ceiling lamps (Luxeon Rebel cold white) were mea-
sured by our cooperation partner Bartenbach LichtLabor [17].
The luminance of the monitors are set to 250cd/m? and the ceil-
ing lights are modeled to have a luminous flux of 1500lm each.
As for this study primarily the spectrum and not the angular dis-
tribution of the light is important, all sources are modeled as to-
tally diffuse emitters. Figure 4 shows the spectra of the three
light sources together with the main reflectance spectra of the
scene, i.e. the floor, the walls (including the ceiling), and the
wooden desks. The reflectance spectra of white plaster (walls,
ceiling), cherry wood, and aluminium (e.g. for the ceiling light
fixtures) were measured by our cooperation partner Bartenbach
LichtLabor. For the other objects we use reflectance spectra from
the Macbeth ColorChecker chart [18] that are available on [19],
e.g. Macbeth Neutral 6.5 for the floor, Macbeth Foliage for the
chairs, and Macbeth Orange and Macbeth Orange Yellow for the
containers and their fronts.

Weighting functions
Given a weighting function (1) such as ¢(A) or sy(4),

the associated index Q(o) for a spectral power distribution o is
defined by

780
Q(o) :/3 G(A)o(1)dA. 7
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Figure 2. Office test scene: overview. The test scene contains three dif-
ferent sources of illumination: four light sources that simulate the windows,
two LED ceiling lamps, and two computer monitors.

Figure 3. Office test scene: view from the front workplace. This view is
important for the evaluation of the circadian action factor a., as it simulates

the field of view of a person working at the desk.
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Figure 4. Light source spectra (each scaled to a maximum of 1) and main
reflectance spectra used in the test scene: the windows are modeled with
the CIE standard phase of daylight D65, the spectra for the LED lamps and
the monitors as well as the reflectances of cherry wood and white plaster
were measured by our cooperation partner Bartenbach LichtLabor, and the
floor is modeled with the dark gray color Macbeth Neutral 6.5 from the Mac-
beth ColorChecker chart.

Thus, € becomes a functional on the Hilbert space
L2([380nm,780nm]) that contains all spectra o(A) that

347



satisfy
780
/ G(A)2dA < oo. ®)
380

For example the CIE XYZ tristimulus values can be written as
functionals

780
X(0)= [ o(s(adn, ©)
780
vo)= [ o()s(A)ar, (10)
780
and  Z(c) = /3 ,, CWAA, an

where %, y, and Z are the color-matching functions for the CIE
1931 standard colorimetric observer [6] (see Figure 8). Evalu-
ating the functional Y (o) for each pixel’s SPD o in a spectrally
rendered image yields the luminance distribution if the image
contains radiances, and the illuminance distribution if the image
contains irradiances, respectively.

Circadian action function

From the radiances within a spectrally rendered image the
circadian action factor a., can be computed in a post-processing
step. For the SPD o of each pixel the functionals C and Y are
evaluated and the circadian action factor

C(0)  [ip o(A)e(A)dA

w6 T e st "

can be displayed in a falsecolor image. Figure 5 shows the dis-
tribution of a., as perceived when working at the front desk.
In Figure 6 the a., values of the scene when seen from out-
side are presented. In the falsecolor images the a., values of
all three light sources exactly correspond to the analytical results
of acy(A) given in Table 1. Comparing the results for the three
light sources shows that the light-induced melatonin suppression
is strongest for D65 followed by the TFT monitor light and lastly
the LED lamp.

Figure 5. Distribution of the circadian action factor a.,(c) calculated from
the spectral rendering in the field of view of a person working at the front
desk.

Photosynthesis activity

For the photosynthesis activity the incident light is deci-
sive. We thus render the images of our test scene again using the
RADIANCE option “-i” to obtain irradiances instead of radiance
values. To calculate the photosynthesis index SY from the irra-
diance spectrum o at each pixel within the rendered images the
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Figure 6. Distribution of the circadian action factor a.,(c) inside the scene
calculated from the spectral rendering. The analytical results for the three

light sources given in Table 1 exactly correspond to the image.

functional SY (o) is evaluated:

780
SY (o) = / S(A)sy(A)dA. (13)
380

Figure 7 shows the SY distribution within the scene and thus pro-
poses the “ideal place” to put plants in the office — on the win-
dowsill or on the desk close to the window. As the index SY is
not divided by the brightness of the corresponding SPD it is an
absolute measure and depends on both the quality and the quan-
tity of incident light. Thus, the “ideal place” for a plant could
for example be changed by increasing the LED’s emittance what
in turn would lead to uncomfortably high illuminances and glare
for the people working in the office.

Figure 7. Distribution of the photosynthesis activity SY (o) inside the scene
calculated from the spectral rendering. The windowsill or the parts of the
desk close to the window are “ideal places” to position a plant.

RGB Approximation

In RADIANCE the RGB approximation of luminances and
illuminances by Equation 4 usually works well, what is desirable
and necessary as these are the main indices needed in lighting
design and other applications of this physically based renderer.
Similar to the approximation of the CIE tristimulus value Y we
try to find an approximation to the indices a., and SY based on
the three color-matching functions &, y, and Z.

To calculate the indices C and SY from the values in an RGB
rendered image as a weighted sum, we need to derive coefficients
(rc,8c,bc) and (rsy,gsy,bsy) for the three channels R, G, and
B similar to Equation 4.

Gall and Bieske [20] propose to approximate the circadian
action factor a, via the CIE chromaticity coordinates (x,y) as

[zA)o(A)dA  Z 1—x—y

S hehar YTy “‘”

For the light sources in our test scene Equation 14 yields results
with relative errors of +15.7% for D65, +42.2% for the LED
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lamp, and +20.4% for the monitor light. Gall’s approximation of
the circadian radiation quantity C is only based on the CIE color-
matching function Z and thus leaves room for improvement by
calculating an approximation based on all three color-matching
functions.

Generally, we look for an approximation of the functional
Q(o) from Equation 7 by a linear combination

Qo) = kX(0)+kY (o) +kZ(o) (15)

where X (o), Y(0), and Z(0o) are the functionals describing the
CIE XYZ tristimuli as given in Equations 9 to 11.

According to the Riesz representation theorem the Hilbert
space Lz([a,b]) of functions is isomorphic to its dual space of
functionals. Thus we can represent each functional Q by its cor-
responding density @ and search for an approximation of @ by
a linear combination of the color-matching functions %, y, and
Z, which are the corresponding densities of the functionals X, Y,
and Z:

O(A) = ke X(A) +kyy(A) +kZ(A). (16)

We find this approximation Y by an orthogonal projection of @
onto the subspace spanned by ¥, y, and Z, i.e.,

Y = kX +kyy+kZ such that a7
(0—y.5) =(0—y.5) =(0—y,2)=0. (18)

Equation 18 leads to the system of linear equations

(w,%) ky
<Cl),)7> :G(j1y7z)' k)’ (19)
(@,2) k;
where
(£% 3% (&%)
G(xy,2)=| &5 G (&) (20)
%2 02 &2

is the Gramian matrix for the three color-matching functions X,
¥, and Z. Solving the system (19) for the weighting functions
® =c(A) and @ = sy(A) yields the approximations

Vo(n) = —0.2847+0.3587+0.681Z and @1
Wyy(a) = 0.533%+0.2765+0.5812 (22)

for the circadian and photosynthesis action spectra, respectively.
In Figures 9 and 10 these approximations based on the three CIE
color-matching funtions (Figure 8) are compared to the real ac-
tion functions.

Multiplying by the transformation matrix of RADIANCE
from RGB to XYZ gives the coefficients (r,g,b) for the approx-
imation of the index Q from the RGB values in the rendered im-
age:

0.514 0324 0.162
(r,8,b) = (ke,ky,ky)- [ 0265 0.670 0.0648 |. (23)
0.0241 0.123  0.853

Evaluating Equation 23 for the coefficients of the circadian ac-
tion spectrum approximation Y.(3) (Equation 21) and the pho-
tosynthesis action spectrum approximation Y, ;) (Equation 22)
yields the RGB coefficients

(re,gc.be) = (—0.0346,0.232,0.558) and (24)
(rsy.gsy,bsy) = (0.361,0.429,0.600), 25)
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Figure 8. CIE color-matching functions , y, and z.
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Figure 9. The circadian action function c(A) as defined by Gall, and the
approximation function v, that is a linear combination of %, y, and z.
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Figure 10. The photosynthesis action spectrum sy(1) as defined in

DIN 5031-10, and the approximation function v,y as a linear combination
ofx, y, and z.

respectively. Finally, the approximations for the circadian action
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factor a., and the photosynthesis activity SY are given by

teo(R.G.B) = C(R,G,B) —0.0346-R+0.232-G+0.558-B
VT B(R,G,B) - 0.265-R40.670-G+0.0648 - B
(26)
and
SY(R,G,B) =0.361-R+0.429 -G +0.600 - B. @27

In Table 1 the analytical results for the three light sources
in the test scene (D65, LED, monitor light) are presented. The
correct values for the circadian action factor a., and the photo-
synthesis activity SY are opposed to their RGB approximations.
Additionally, the relative errors of the RGB approximations are
given. For both indices a., and SY the RGB approximation per-
forms best for the LED illuminant, followed by the monitor light
and lastly the CIE phase of daylight D65. However, even for
the LED lamp the relative error for the circadian action index is
already greater than 5%.

D65 LED TFT

ae(c) | 0.941 0.824  0.903
a(R,G,B) | 0.830 0.871 0.834
Ade, | -11.82%  +5.72% -7.69%

SY(c) | 2.198 6.400 0.415
SY(R,G,B) | 1.581 6.333  0.393
ASY | -28.05% -1.04% -5.40%

Table 1. Analytical results for the three light sources used in the test scene.
The correct values of the circadian action factor a.,(c) and the photosynthe-
sis activity SY (o) are opposed to the RGB approximations a.,(R,G,B) and
SY(R,G,B), respectively. Additionally, the particular relative error A is de-
picted.

Re-rendering the scene with the standard RGB version of
RADIANCE yields an RGB color value for each pixel describ-
ing the radiance or irradiance distribution within the test scene.
To calculate the approximation for the circadian action factor a,
Equation 26 is evaluated for the RGB radiance values of each
pixel. The results are presented as falsecolor images in Figure 11
for the computer workplace view and in Figure 12 for the scene
overview as seen from outside, each on the left side. The images
on the right side in Figures 11 and 12 show the relative differ-
ences in percent between the correct results for a., calculated
from the spectral renderings (Figures 5 and 6) and the RGB ap-
proximations, i.e.

acy(R,G,B) — acy(0)

Aag, = 100-
aey(0)

(28)

The values for both a.,(R,G,B) and Aa,, for the three light
sources D65, LED, and the monitor light comply with the an-
alytical values in Table 1.

Evaluating Equation 27 for the irradiance color values of
each pixel obtained from the RGB rendering with the option “-i”
yields an approximation for the photosynthesis activity SY at the
particular pixel, i.e., the position in the scene. Figure 13 shows
the RGB approximation for SY opposed to the relative differ-
ences in percent between the correct results from the spectral
rendering (Figure 7) and the RGB approximation, calculated as

SY(R,G,B)—SY(0)

ASY =100-
SY (o)

(29)
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Again, the analytical results for SY (R, G, B) and ASY for the three
light sources exactly correspond to the values in Table 1.

One idea to improve the performance of the approximations
is to consider all spectra only on the constrained domain where
the action spectra are non-zero. For example the values of the
melatonin suppression function are non-zero in the interval from
380nm to 580nm. From Equations 16 to 20 an approximation
formula for a., (o) similar to Equations 21 and 26 can be derived
that shows smaller relative errors when compared to the values
given in Table 1. However, we could not use this approach di-
rectly within our RGB renderings as some of the truncated spec-
tra lead to negative RGB input values and the gamut clipping
of these RGB triples yields approximations that are worse than
those presented in Figures 11 and 12. For the photosynthesis
action spectrum the approach based on the constrained interval
from 385nm to 725nm does not improve the approximation be-
cause all three color-matching functions X, ¥, and Z are close to
zero outside of this domain.

Conclusion

We have shown how indices derived from various weighting
functions such as the circadian action factor or the photosynthe-
sis activity can be calculated within spectrally rendered images.
Based on the CIE color-matching functions we presented approx-
imations to calculate the indices a., and SY from RGB rendered
images. However, as these RGB approximations turned out to be
rough estimations, we propose to use spectral rendering when-
ever accurate results are desired. If no spectral rendering engine
is available, the methods proposed by Delahunt and Brainard [15]
and Ruppertsberg and Bloj [16] could be used to perform spectral
rendering using the standard RGB version of the RADIANCE ren-
dering engine.
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