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Blue light hazard of white light-emitting diodes (LED) is a hidden risk for human’s photobiological safety.
Recent spectral optimization methods focus on maximizing luminous efficacy and improving color per-
formances of LEDs, but few of them take blue hazard into account. Therefore, for healthy lighting, it’s
urgent to propose a spectral optimization method for white LED source to exhibit low blue light hazard,
high luminous efficacy of radiation (LER) and high color performances. In this study, a genetic algorithm
with penalty functions was proposed for realizing white spectra with low blue hazard, maximal LER and
high color rendering index (CRI) values. By simulations, white spectra from LEDs with low blue hazard,
high LER (>297 Im/W) and high CRI (>90) were achieved at different correlated color temperatures
(CCTs) from 2013 K to 7845 K. Thus, the spectral optimization method can be used for guiding the fabri-
cation of LED sources in line with photobiological safety. It is also found that the maximum permissible
exposure duration of the optimized spectra increases by 14.9% than that of bichromatic phosphor-

converted LEDs with equal CCT.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, phosphor-converted white light-emitting
diodes (LEDs) have been widely used in street lighting and indoor
illumination [1-3]. White LEDs offer great market potential for
general illumination applications because of their merits of long
lifetime, environmental friendliness, and high luminous efficiency.
The white light from LEDs are mainly generated by a combination
of blue light from blue chip and yellow light from phosphor. The
spectral power distribution (SPD) implies high blue component
ratio, which contains hidden blue hazard risk [4,5]. It has been
proved that the hidden blue hazard risk of light sources brings
damages to human’s health [6-11]. Algvere et al. [6], Behar-
Cohen [7] and Shen et al. [8] found that blue hazard risk brings
huge damages to retinal. Tosini et al. [9] and Oh et al. [10] con-
cluded that blue hazard risk could cause circadian disruption and
hurts humans psychological health. Brainard et al. [11,12] argued
that high blue hazard risk could lead to breast cancer for females.
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Therefore, blue hazard of light source is a risk to photobiological
safety.

In order to reduce blue hazard risk of light sources, blue compo-
nent of SPD should be decreased. The color components of SPD
have close relationship with correlated color temperature (CCT)
and color rendering index (CRI), luminous efficacy (LE), which are
key performances of light sources. Decreasing blue component
may directly change the CCT and reduce the qualities of CRI and
LE undesirably [13,14]. Many studies proposed different spectral
optimization methods to solve the complicated relationships
between color components, CCT, CRI, and LE for designing SPD of
LEDs. However, previous spectral optimization methods focus on
maximizing luminous efficacy and improving color performances
of LEDs at different CCTs [15-17], few of them take blue hazard
into account. Consequently, for photobiological safe illumination,
there is an urgent need for proposing an easy and effective spectral
optimization method to achieve spectra with low blue hazard,
maximal luminous efficacy of radiation (LER), and high color per-
formances at different CCTs. The spectral optimization method
can be used for guiding the fabrication of LED sources in line with
photobiological safety and promoting LEDs’ wide application in
indoor illumination.
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In this work, firstly, SPDs of eight most commonly used light
sources in our daily life was tested, and the corresponding hidden
blue hazard was analyzed. Then, a genetic algorithm (GA) with
penalty functions was proposed to achieve white spectra with
low blue hazard, maximal LER and high CRI values. Through
numerous simulations, optimal spectra of the LED were obtained
at different CCTs. Finally, the effectiveness of our method was ver-
ified by an illumination model.

2. Hidden blue hazard of light sources

Blue hazard spectral weighting function defined by the Interna-
tional Electrotechnical Commission (IEC) [18], shows blue hazard
weighting to different wavelengths, is related with the hidden blue
hazard. Photopic vision function proposed by the Commission
Internationale de I’Eclairage (CIE) [19], which shows the human
eye’s visual response to different wavelengths, is relevant with
luminous efficacy of light sources directly. The above two functions
for wavelengths at 300-780 nm, are shown in Fig. 1. It is found that
the maximal blue hazard function value is at 450 nm approxi-
mately, and maximal photopic vision function value is at 555 nm
approximately. Since the intensities of the two functions are rela-
tively very low for wavelengths at 300-380 nm than other wave-
lengths, we mainly discuss the visible wavelengths from 380 nm
to 780 nm in the following parts.
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Fig. 1. Blue hazard spectral weighting function and photopic vision function
referring to wavelengths from 300 nm to 780 nm.
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Therefore, the blue light hazard efficiency of radiation (BLHER),
which is defined as the ratio of blue light hazard quantity to the
corresponding radiometric quantity, can be expressed as [18]

My = 2.,5(4)B(2)A4

B S S(OAL (1)

where 7 is the blue light hazard efficiency of radiation, S(1) is the
SPD of the light source, B(2) is the blue hazard spectral weighting
function, A/ is the wavelength interval (5 nm in this work).

The LER can be expressed as [19]

LER = Km2_,S()V(2)A2

S S(YAL @)

where K, the maximal luminous flux of a light source, is 683 Im/W.
V() is the photopic vision function.

Then, we analyzed SPDs of eight commonly used white light
sources in our daily life, including three LED sources (backlight
source of cellphone, backlight source of liquid crystal display
(LCD) monitor, phosphor-converted (pc) LED), low pressure mer-
cury lamp, and low pressure sodium lamp, FL1 fluorescent lamp,
D65 solar illuminant, and incandescent light. The three LED
sources were measured by a spectral illuminometer SPIC-200B
(Everfine Inc., China), which offers spectral ranges from 380 to
780 nm and wavelength accuracy of 0.5 nm. The mercury lamp
and the sodium lamp were measured by an integrating sphere
spectrometer PMS-80 (Everfine Inc., China), which offers wave-
length accuracy of 0.2 nm. All the results are tested at an ambient
temperature of 25 °C. The SPDs of fluorescent lamp, D65 solar illu-
minant, and incandescent light were obtained from the CIE techni-
cal report [14]. The SPDs of LED sources for wavelengths from
380 nm to 780 nm at 5 nm intervals, are shown in Fig. 2(a). The
SPDs of other illuminants for wavelengths from 380 nm to
780 nm, are shown in Fig. 2(b).

A blue hazard illumination model is used to analyze the hidden
blue hazard of the SPDs, as shown in Fig. 3. A light source with the
above SPD illuminates the illuminated surface at a vertical angle. d
is the distance between the emitting center and the illuminated
surface, ¢ is the half emitting angle, S is the area of the illuminated
surface, Q is the solid angle from the emitting center to the illumi-
nated surface.

The spectral radiance of the light source can be calculated as
[20]
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Fig. 2. SPDs of eight white light sources for (a) LEDs and (b) other illuminants.
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Fig. 3. The blue hazard illumination model.

where Q can be calculated as Q = 2n(1 — cos ¢). Here, it is sup-
posed that the radiant power of the light source is 100 W, and d
is 200 mm. And after an optical design, the radiance of the illumi-
nated surface is uniform in the model.

The radiant flux that enters the eye and is absorbed by the
retina is proportional to the pupil area. It is known that the pupil
diameter decreases from around 7 mm diameter at very low lumi-
nance (<0.01 cd m2) to about 2 mm at luminance values on the
order of 10,000 cd m~2 [21]. For the blue light hazard assessment,
a 3 mm pupil diameter (7 mm? area) was used to derive the expo-
sure limit [18]. To avoid retinal photochemical injury from chronic
blue-light exposure, two exposure limit values are proposed based
on the best available information from experimental studies [6,22].
One is the integrated spectral radiance of the light source weighted
against the blue-light hazard function, i.e., the blue light weighted
radiance, Lg, shall not exceed the levels defined by [18]

10° m2sr! (for t < 10%s)

, 4
100 W m2sr! (for t > 10%s) @)

<
<

{LBt = 3, L(A)B(A)Axt
Ly = 3, L(A)B(A)A(%)

where t is the exposure duration in seconds. The other is, for a
weighted source radiance exceeding 100 W m~2 sr~!, the maximum
permissible exposure duration, tpq, can be computed as [18]

10° 4
tmax = —— s (for t <107 s) (5)
Ly
The above two exposure limits apply to nearly all individuals in
the general population may be repeatedly exposed without
adverse health effects [18]. However, they do not apply to abnor-
mally photosensitive individuals or to individuals concomitantly
exposed to photosensitizing agents, which makes individuals
much more susceptible to adverse health effects from optical radi-
ation. The susceptibility of photosensitive individuals varies
greatly, and it is not possible to set exposure limits for this portion
of the population [23,24].

The CCT, general CRI (R,), BLHER (), LER, Lg at ¢ = 5°, and the
corresponding t;.« of the eight SPDs are calculated as shown in
Table 1.

It is concluded that the CCTs of the common used light sources
varies from 1837 K to 6746 K, the R, varies from 31 to 100, LER var-
ies from 203 to 334 Im/W, #; varies from 0.04 to 0.27. The PC-LED
has the highest LER (322 Im/W), but its maximum permissible
exposure time is as short as 956 s, which indicates it has a high
hidden blue hazard. On the other side, the incandescent light has
the lowest 775 (0.05) and longest maximum permissible exposure
time, but its LER is much lower (154 Im/W) than that of other
sources, which indicates the light source is not energy-saving. Con-
sequently, light sources with optimized spectra for highest LER,
lowest #p and high R, at different desired CCTs are in urgent need.
Since LED is widely accepted as most suitable for spectrum tuning
and optimization [15-17], we optimized LED spectra for realizing
highest LER, lowest g, high R, at different desired CCTs.

3. Spectral optimization method

To achieve high LER and R, values, most light sources in the lit-
erature report fabricating phosphor-converted white LEDs inte-
grated with red phosphor, red chromatic LEDs or semiconductor
colloidal quantum dots (QDs) [25-27]. The QDs are more suitable
for spectrum tuning due to their narrow emission spectra. There-
fore, our spectral model of white LEDs consists of blue chips (nar-
rowband radiation), yellow phosphors (broadband radiation), and
red phosphor, red chips or quantum dots (narrowband radiation).
The relative SPD of white LEDs, Sy/(/), is given by

Sw(2) = DyS(2, Ay Ad) + D,S(2, Ay, Ady) + P,S(2, A, M) (6)

where S(4, Ap, Alp), S(4, Ay, Aly), and S(4, 4., AJ,) refer to the relative
SPDs of blue chips, yellow phosphors, and red chips or quantum
dots, p, 4y, and A, refer to the peak wavelengths of the blue, yellow,
and red color components, A, Aly, and Aj, refer to the full widths
at half maximum (FWHMs) of the three color components, and py,
Py, and p, designate the proportions of the relative spectra of the
three color components, respectively. The above spectral parame-
ters, including peak wavelengths, FWHMs and proportions, com-
prise a 3 x 3-dimensional parameter matrix. The blue and red
radiation can be described as a modified Gaussian distribution,
which is given by Ohno [28]. The yellow radiation is approximated
by a Gaussian distribution in this analysis [29]. The FWHM of blue
chip varies from 20 nm to 50 nm [30], the FWHM of green phos-
phors varies from 80 nm to 120 nm [31,32], and the FWHM of red
component varies from 20 nm to 100 nm [28,33]. Wavelengths for
each color component vary from 380nm to 500 nm for blue,
500 nm to 600 nm for yellow, and 600 nm to 780 nm for red. The
relative spectra of the three color components are normalized and
the proportions of the relative spectra vary from 0 to 1. Thus, the
spectral shapes concerning each specific band are considered in
the formula.

Table 1

The performances of eight SPDs.
Light source CCT (K) Rq LER (Im/W) s Lg(Wm2sr'nm1) trmax (S)
Sodium lamp 1837 31 334.11 0.04 172.80 5787
Incandescent 2857 100 154.14 0.05 189.19 5286
Mercury lamp 3204 64 222.00 0.11 441.55 2265
PC-LED 5902 71 32234 0.26 1045.54 956
LCD monitor 6030 81 305.12 0.25 1012.03 988
Fluorescent 6430 74 292.25 0.27 1075.01 930
D65 6504 98 203.52 0.20 754.29 1326
Cellphone 6746 85 279.68 0.25 997.58 1002




196

To obtain a low blue hazard and energy-saving light source, 7
and LER should be taken into account simultaneously. Therefore, a
spectral optimization method was proposed for boosting the max-
imum attainable LER and minimum #; at high CRI values and at
various CCTs by varying the parameter matrix in the SPD model.
In addition, it is important that the chromaticity difference from
the Planckian locus on the CIE 1960 uv chromaticity diagram
(Dyy) be smaller than 0.0054 for various CCTs [25]. We maximize
the LER and minimize the #p under the constraints of CRI, CCT,
and D,, simultaneously.

(7)

Maximum : LER; Minimum : 7,
Constraints : Ry > Ry, Duy < 0.0054, <1l < 0.02°

where LER and #; are the direct optimization goals, the objective

function fix) can be expressed as linear weighted model of LER
and 7p. Ry is the optimization constraints referring to the general
CRI (R,). Here, Ry is assigned as 90. CCTy,,, the designated value of
CCT, varies from 2000 K to 8000 K at an interval of 1000 K. In our
optimization, the constraint of deviation between the actual CCT
and CCTy,, is less than 2%.

Therefore, this is a multi-object optimization problem with
inequality constraints. The genetic algorithm (GA) has been proven
for having faster global convergence and higher computational
efficiency than other optimization methods [34,35]. Besides, the
penalty function approach is generic and applicable to many types
of constraint [36,37]. In this paper, therefore, we adopted a genetic
algorithm (GA) for calculating the maximum value of LER and min-

imum value of #5. And penalty functions, gj(z) (=1,2,3), are used
to handle the inequality constraints in Eq. (6), referring to Ry, Dy,

and CCT [17]. Here, the objective function f(x) can be expressed
as linear weighted model of LER and #. The theoretical maximum
value of #p is 1 and the theoretical maximum value of LER is
683 Im/W. In order to reduce both the mutual influence of #p

Table 2
Results of simulations.
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and LER, they are normalized in f{x). The fitness function F(x) of
the GA, defined as the sum of the objective function f{x) and the

penalty terms Rjgj(§) which depend on the constraints, can be
expressed as

Fx) =f(x™)+> Rgx), j=1,2,3
J

foc) =Ang + (1= A) (%)

g (x7) = gl ) (8)
as
— _ Duyy—0.0054
(X)) = Mot
g(x7) = w

where R; is the penalty parameter which is a very large positive
number, A is the linear weighting coefficient of the 7z and LER, var-
ies from O to 1 at an interval of 0.05 during the optimization. In
order to reduce both the mutual influence of LER, #p, R, Dy, and

CCT in the fitness function F(x), Ry, Dy and CCT in the penalty func-

tions gj(}) are also normalized in Eq. (8).
As the penalty parameter R; is a very large positive number,
when R,, D,,, or CCT do not meet the constraints, the fitness func-

tion F(x) will be a much larger positive number than in the case
when all the constraints are met. Thus, the GA evolutionary pro-
cess will force the solution of the equation to approach the feasible
solution that meets the constraints by varying the chromosomes
[17,37]. Here, the GA parameters are as follows: the number of
chromosomes is 40, the precision of chromosomes is 25, the pen-
alty parameter R; is 2000, the generation gap is 0.9, and the prob-
ability of crossover occurring between pairs of chromosomes is 0.7.
Determining whether the fitness function satisfies the stop condi-
tions, which can be of two kinds. One is the number of evolution
generations reaches 50,000; the other is the lowest fitness function
in each chromosome group does not change over 500 generations.

4. Results and discussions

By conducting numerous simulations, the optimal spectral

CCT (K R D LER (Im/W . .
(k) ‘ d (L (Im/W) parameters of each color component and their performances with
2013 90 0.0054 0.02 352 R, > 90, at CCTs from 2013 K to 7845 K for maximal LER, have been
2940 90 0.0054 0.08 350 } R - i i ) i
3929 90 0.0054 0.15 344 obtained by maximizing F(x). The simulation results are listed in
5000 90 0.0054 0.21 330 Table 2.
5880 20 0.0054 023 302 It is found that the optimal spectra at different desired CCTs
6860 92 0.0054 0.25 297 hibits high col f d . f
7845 9 0.0054 028 280 exhibits high color performance and energy-saving performance
in which R, >90, LER >297 Im/W, with the D,, meeting the
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Fig. 4. Optimization results for (a) chromaticity coordinate diagram and (b) spectra.
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constraints Dy, < 0.0054. The chromaticity of the optimized spec-
tra are shown in Fig. 4(a), the corresponding spectra with different
CCTs are shown in Fig. 4(b).

The general CRI (R,) is simply the average of special CRIs (R;) for
the first eight samples. A perfect score of 100 represents no color
differences in the samples under the test source and reference illu-
minant [13]. Fig. 5 shows the eight special CRIs comparison
between the optimized LED at CCT = 5880 K and the commercial
pc-LED tested in Section II (CCT =5902 K). The CCTs of the two
sources are approximately equal and the CRIs of the optimized
LED is much higher than that of the pc-LED. It is concluded that
the color rendering index of optimized LED is improved by our
optimization.

The #p and LER varying with increasing CCTs are shown in Fig. 6.
It is found that LER decreases from 352 Im/W to 280 Im/W, and #p
increases from 0.02 to 0.28 when CCT increases from 2013 K to
7845 K, respectively. In order to analyze the blue hazard of the
optimal spectra in detail, we use the blue hazard illumination
model proposed in Section 2.

According to Eq. (5), we calculated the Ly of the optimized spec-
tra at half emitting angles of 5°, 15°, 30°, 45°, and 60°. The calcu-
lated data are shown in Fig. 7. It is concluded that the Lp
increases with increasing CCTs, and decreases with increasing half
emitting angles. The Ly are greater than 100 W m—2sr~! at CCTs
from 2940 K to 7845 K when ¢ is 5°, so we calculate the t,,q, by for-
mula (5), referring to 2961's, 1643 s, 11925, 1098 s, 979 s, 898 s,
respectively. Lg decreases from 910.43 to 3.26 with increasing ¢
at CCT = 5880 K. Therefore, the hidden blue hazard of LED source
increases with increasing CCTs, and decreases with increasing
emitting angles.

The bichromatic PC-LED with CCT=5902 K exhibits perfor-
mance in which R; =71, tie =956 s, and the optimal spectrum at
CCT = 5880 K exhibits performance in which R, =90, t;,qx = 1098 s.
It is found that the CCTs of the above two light sources are approx-
imately equal, the CRI increases from 71 to 90. More importantly,
the maximum permissible exposure duration t;,.x of the optimal
spectrum has been increased by 14.9% referring to that of PC-
LED. Therefore, the photobiological safety performance of white
light source can be improved by our method.

In addition, the simulation results are compared with our previ-
ous study without considering hidden blue hazard of LED source
[17]. In our previous study, we proposed spectral optimization by
boosting the maximum attainable LER of spectra while constrain-
ing high color performance. When CCT is 5940 K, R, is 95, and
the np is 0.24. We calculate the t;,x when ¢ is 5°, referring to
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Fig. 6. Optimization results for # and LER at CCTs from 2013 K to 7845 K.
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Fig. 7. Lg of the optimized spectra at different half emitting angles.

1044.9 s. The maximum permissible exposure duration t;. of
the current optimal spectrum increases by 5.1% referring to that
of our previous method.

Further, the simulation was conducted at different desired LERs
(270 Im/W, 300 Im/W, 330 Im/W) with the constraints of R, > 90.
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Fig. 5. The eight special CRIs of the optimized LED at CCT = 5880 K and the commercial pc-LED.
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The minimum #p of trichromatic white LED with CCTs from 1800 K
to 7800 K at a 300K interval are shown in Fig. 8.

It is found that the minimum hidden blue hazard increases with
increasing CCTs at an equal desired LER. The minimum 75 increases
from 0.015 to 0.269 with CCTs increases from 1800 K to 7800 K at
LER > 270 Im/W, from 0.016 to 0.269 at LER > 300 Im/W, and from
0.017 to 0.292 at LER >330Im/W. Moreover, the minimum #p
increases with LER increases from 270 Im/W to 330 Im/W.

5. Conclusions

SPDs of eight most commonly used light sources in our daily life
was tested, and the corresponding hidden blue hazard was ana-
lyzed. The common used light sources are proved not have both
high LER, high CRI and low blue hazard. Then, a genetic algorithm
(GA) with penalty functions was proposed to achieve trichromatic
LED spectra with low blue hazard, maximal LER and high CRI val-
ues. Through numerous simulations, optimal spectra of the LED
with high LER (>297 Im/W) and high CRI (>90) were obtained at
CCTs from 2013 K to 7845 K. It is found that the maximum permis-
sible exposure duration t;,qx of the optimal spectrum is increased
by 14.9%, referring to that of bichromatic phosphor-converted LEDs
with equal CCT. Moreover, the minimum hidden blue hazard of
LED increases with increasing CCTs and increasing LERs. The spec-
tral optimization method presents a great potential for guiding the
fabrication of LED sources in line with photobiological safety, and
paves the way for LEDs’ wide application in indoor illumination.
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