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Abstract In this study, the discomfort glare caused by light emitting diode (LED) modules with different spectral
power distributions is investigated. Further, red/green/blue/white (R/G/B/W) four-color LED source modules are
designed and developed. The glare effect of the modules is determined for three different background luminances.
Subject assessment of each condition is provided according to a seven-level scale. Results show that different glare
effects are caused by the R/G/B/W four-color LED sources for three different background luminance. A high
subjective rating score is obtained at a large luminance of the four modules within the same background luminance,
causing more discomfort glare. Simultaneously, the largest glare is caused by B-LED source, whereas the smallest
glare is caused by W-LED source in those modules. The unified glare rating (Rycr ) model is used to experimentally
verify the applicability of four-color LED source modules. Results show that the correlation between calculated value
of Rycr and subjective discomfort glare rating score of the B-LED source is the worst, whereas the W-LED source
has the best correlation (R*=0.951) when the background luminance L, is 19.967 c¢d-m *
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Table 1  Discomfort glare evaluated using Rygr

Rucr Discomfort glare criterion
10 Imperceptible
13 Just perceptible
16 Perceptible
19 Just acceptable
22 Unacceptable
25 Just uncomfortable
28 Uncomfortable
31 Just intolerable
34 Intolerable
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Table 2 Parameters of R/G/B/W LED

modules in experiment

LED x y Luminous flux /lm  Power /W
W-LED 0.304 0.312 407.160 4.356
R-LED 0.686 0.314 209.060 4.157
G-LED 0.169 0.687 224.780 5.445
B-LED 0.151 0.031 53.062 3.710
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Table 3 Experimental conditions
Light source
Item
W-LED R-LED G-LED B-LED
Luminance level 10

Background luminance /
(ed * m™*)
Observer 10
Total number of ratings 1200
# 4 44 LED BRAEARRRESER T =T
Table 4

45.833, 19.967, 11.750

Luminances of four LED sources at

different luminance levels

Luminance W-LED/ R-LED/ G-LED/ B-LED/
level (ed*m™) (ed* m™®) (ed* m™?) (ed* m™®)

1 380.760 250.720 350.220 34.268
2 823.280 514.820 739.500 72.082
3 1242.600 768.100 1115.400  108.060
4 1684.400 1026.160 1507.600  146.120
5 2100.200  1271.400 1869.000  183.680
6 2543.200  1520.400  2260.800  222.140
7 2958.600 1753.800 2628.600  258.080
8 3409.000 1985.800  3035.400  295.120
9 3852.400  2207.400  3425.400  334.460
10 4335.000  2438.000  3839.400  342.800
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Table 5 Glare rating scale
Category Semantic criteria Description of reaction glare
1 Imperceptible I am not aware of anything
2 Just perceptible 1 am aware there is something but cannot tell what it is
3 Noticeable I am aware of the presence of the luminaire but it does not bother me
4 Just uncomfortable I am aware of a luminaire and I wish it was not there
5 Uncomfortable I am aware of a luminaire and 1 would complain to my supervisor about it
) I am aware of a luminaire, and if somebody does not
6 Just intolerable . . . . .
do something about it, 1 will take direct action myself
I am aware of a luminaire and I will not stay here a moment longer
7 Intolerable

if somebody does not do something about it, now

132301-4



Wt 5ot T o R

m [, =45.833 cd- m‘z R=0992 (a)
oL 19.967 cd-m2, R*=0.977
AL 11.750 cd-m™* RZ 0993

Glare rating
— DN W s Ot &

0 1000 2000 3000 4000 5000
Luminance /(cd-m?)

m [, =45.833 cd-m= R*=0.962 (c)
oL =19.967 cd- m2 R’=0.992
AL =11.750 cd- m2 R*=0.977

Glare rating
— DN W s Ut &Y

0 1000 2000 3000
Luminance /(cd-m2)

4000

7
®)
6 .
°0
£5
w
o4
3
&3 2
[, -45.833 cd-m2, R*=0.989
2t % ®L'=19.967 cd-m? R*=0.990
) AL=11.750 cd-m™, R*=0.9935

0 500 1000 1500 2000 2500 3000
Luminance /(cd-m?)

7
(d
6 8
°0
£5
=
o4
23
S WL, -45.833 cd-m2, R*=0.975
2 0 L,=19.967 cd-m2 R*=0.979
) AL=11.750 cd-m™?, R*=0.985
0 100 200 300 400

Luminance /(cd-m2)

Bl 6 76 3 ORI TS FSE BN .4 F LED BXOGUHSE BE 15 SE o a5 R EWITM R .
(a) W-LED; (b) R-LED; (¢) G-LED;(d) B-LED

Fig. 6 Relationship between luminance and subjective evaluations of experimental results of four LED glare sources

in three different background luminances.

Rk — 25 A BTIX A4 FRZOGIR Y RZ R e, BT R
6 TPOR[AI 2 B S 55 B-LED f9 10 S04 5, R FH 2%
PEAGRE 7 B4k Y W-LED,R-LED.G-LED iX 3 Ffifi%
VR B 5 B-LED AH % i i 52 56 45 3 38 W %
2. 7 FrR, IR LA S 06 IR 5 B
1E[0,350 12 [a] i, B-LED B B )t B fie i » W-LED f
RZOB IR 55 . 95 552 )8 M 45.833 od  m ™7 B, W-
LED BYRZIGIE I3 E[1.665,1.874 JZ [A] , 75 1% 55 FE X i)
P HZ OGBS AE A K R-LED B BZ 6T 20 7E[ 1,626,
2. 444 12 18] 6% 50 B DX (8] PN Bl 25 22 38 1 334 in R 't Jak
498 s G-LED WRZ OGP 70 722,319, 2.398 1 Z 8], 7E 1%

(a) W-LED; (b) R-LED; (¢) G-LED; (d) B-LED

[2.500,5.800 ]2 ] , 751252 B DX [] P Bl 5 52 B85 11 184 Jon
RGBSR, Y8 SN 19.967 od » m “HF, R-
LED B RZOEPE/r7E[2.172.2.639 ] Z ] L 7E 1% 55 FE X |]
P HZ OGRS B AR R s W-LED #1 G-LED 1 % 5% 17 43
HEEn AR 45,833 od o+ m 2 I Y 45 SR LA K [R] 5 B-
LED B RZ 643 7E[2.600,5.900 ]2 [8] , 75 1% 55 FE X [i]
PR & 52 BE R 3 I RO RIS a8, M s N
11.750 cd » m~ 2B}, W-LED,R-LED 1 G-LED =i
SCIR I RZ GRS B A AR [F] , 7E[ 2,390, 2.974 | Z ], 7E
Z5e X RN IX 3 ARG IR Y B2 ' B AR AL AN K B-LED
M RZGPE 43 7E[2.700,5.800 12 8], 7E 1% 56 JBE X 8] 9 B

56 DX [R] N L RZOBIEAR AL AN K B-LED B IZGTF 537 A 50 I B TN R IR 5
7 7 7
6 g R
e R-LED ’ e R-LED p - ’

25l A G-LED = sl A G-LED - 25 A G-LED .
= ¢ BLED , - = ¢ BLED = ® BLED
~4r =4k =4t .
: ~ : - sl
= gt . = gt . =3 . -
R e S IR PSS S e I e e

2r 8 A& & H : L] 2r I e Ll 2

1 1 1

0 50 100 150 200 250 300 350
Luminance /(cd-m2)

BV ENCEE 7S

0 50 100 150 200 250 300 350
Luminance /(cd-m2)

TG A 4 B LED RO IR 8 B 5 S g 25 R py EVITA KR .

(b) L,=19.967 ¢cd * m %;(¢) L, =11.750 ¢d * m*

0 50 100 150 200 250 300 350

Luminance /(cd-m2)

(a) L,=45.833 cd* m *;

Relationship between luminance and subjective evaluations of experimental results of four LED glare sources after

linear interpolation in three different background luminances.

(¢) L,=11.750 ¢d-m *

132301-5

(a) L,=45.833 cd-m~

2. (b) L,=19.967 ¢d-m™?;



Wt 5ot T o R

Wit (DA E Bk 3 F S ET 4 M
BB Ruoe i . Bl 8 24 4 FpZ 6 IE W-LED.R-
LED.G-LED #l B-LED B R uox {55 52 56 45 £ 19 &
WA e R, Y s EE o L, =45.833,19.967,
11.750 cd » m “Bf .4 FHZ VR Roee 3T 5HAE S &
WP M 1 e KA S RBC(RDO AW 56 &R 7

7
® [, =45.833 c-dm?, R?=0.890 (a)
6 * L=10.967 c-dm * R=051
% SIL750 ¢ R=0.857,
£5 f
i
%4
z3
2
1; L " L L n L
4 0 4 8 12 16 20
RIVGR
MWL -$5838 c-am? B=0916 (o)
6 S Th=10.067 c-dm? R0 044
y (=1L750 c-dm 2] R2=0.896
£5 '
£,
(&)
2
1

4 0 4 8 12 16 20
R

UGR

Kl 8 4Bl LED JGUHY Ruce fH-5 S 4508 1 EVIEM KR .

L,=45.833 cd » m “HF, R-LED Jt i i A ¢ & %X
B R*=0.938;7F L, =19.967 cd « m *H}, W-
LEDGIR B AH X R B i » R° =0.951: 7E L, =
11.750 cd » m *Bf . R-LED % I (4 A 26 2 % 5 5
R*=0.899, 7EiX 3 Fli#¥ 552 B T, B-LED [ A %
RERAL

® [, =45833 c-dm?, R°=0.938  (b)
® ,=19.967 c-dm™2 R*= 0.876 .
 L=11.750 ¢ dm2]

7
6r
o0
%5’ R*=0.809
E 4
3
< 3
2
1 n L L L n n
-8 4 0 4 8 12 16
RL'GR
T m L,=45.833 c-dm?, R*=0.828 (d)
6F oL =19.967 ¢-dm2,
®. | R-0834
g » L,=11.750 c-dm?,
E 4l R=0.854
<]
=gl
U -
2+
1

20 -16 -12 -8 -4 0
R

(a) W-LED;(b) R-LED;(c¢) G-LED;(d) B-LED

Fig. 8 Relationship between Rycr value and subjective evaluations of experimental results for four LED

glare sources. (a) W-LED; (b) R-LED; (c¢) G-LED; (d) B-LED

5 45 v

Wit AT R/G/B/W 4 4 LED JGiF AL,
1E 3 AR 5022 B T XK 4 BB A EFE
BLEHEAT T RGEWF 5T, SR 7 55 P it & 19 32007 1
AT IR IAIE . SEE A R R W AR 3 RN R R
EN R/G/B/W 4 & LED YU 7= A4 5 % % 52 i R
., fER—#F 552 T, LED 58 ok, =R A
FE ROk Z . R E& B, B-LED G IR = A i AN £
15 2Ot i, W-LED JE U 7= Az i AN £ 35 12 6 e 59 .
[F] BF 350 T 48— RO HE 8L R e BEAUXT 3% 4 8 LED
TS L A5 R R T e L, =45.833,
19.967,11.750 cd » m *i, B-LED Y6 R uer 15
(B 3 X052 56 AN T 35 B2 56 17 0 1 R G M g 22, LA
KRB BN R?=0.828,0.834,0.854; G-LED J%
TEAH MR R =0.916,0.944,0.896; R-LED )%
A W-LED SGIR K Z . 70 %28 R* =0.938,0.876,
0.899 Ml R*=0.890,0.951,0.857, fES AL, =
19.967 cd « m * B W-LED Yt A0 6 ¥ & i, R =
0.951, ASHFFE A filt B &7 38 1 25 P BRI 4R it — 2 1)

BOE ZHF RIS SR . 5 2 TAET ot — 2 88 v
F2 VT RO 3 52 56 b AR AR 1 IR RE A B
B8 TINAS [) A 0 B Bt 3 3 1 T 5% 0 DL B A 1k 25 5
PR b, B R R B, R/G/B/W 4 4 LED
SR R oo -5 3 WPEH A9 A SC P 5K ) 42
T A O HERR R DG LED B 6 AL, $12 5 5

IZC P E L D 3 57 B O 52 38 L A 2 S o A1) ROl
I AR G de Il
2 % X #

[1] Pulli T, Donsberg T, Poikonen T, et al. Advantages
of white LED lamps and new detector technology in
photometry[J]. Light Science & Applications, 2015,
4(9): e332.

[2] Wang Y G, Huang X X, Tao L, et al.
RGB-LED based WDM visible

45-Gb/s

light communication
system employing CAP modulation and RLS based
adaptive equalization [J].
(10): 13626-13633.

[3] XuMS, Zhang H X, Zhou Q B, et al.

Optics Express, 2015, 23

Effects of

spectral parameters on the light properties of red-

132301-6



Wt 5ot T o R

(4]

(6]

7]

(8]

(9]

[10]

[11]

green-blue white light-emitting diodes [J]. Applied
Optics, 2016, 55(16): 4456-4460.

Lee AT L, Chen HT, Tan S C, et al. Precise
dimming and color control of LED systems based on
color mixing [ J]. IEEE Transactions on Power
Electronics, 2016, 31(1): 65-80.
Feng A Y, Li L, Zhou L, et al. Validation and
optimization of discomfort glare model for white LED
[J]. Acta Optica Sinica, 2017, 37(7): 0733001.
TR, 220k, FF, 4. 106 LED AN EF & XL 2
A% e AT O f [T, Ot % % #2017, 37 (7):
0733001.

Yang Y, Luo R M, Ma S N, et al. Assessing glare.
Part 1: comparing uniform and non-uniform LED
luminaires [J]. Lighting Research & Technology,
2017, 49(2): 195-210.

Yang Y, Luo M R, Ma S. Assessing glare. Part 2:
modifying unified glare rating for uniform and non-
uniform LED luminaires [J]. Lighting Research &
Technology, 2017, 49(6): 727-742.

Flannagan M J, Sivak M, Ensing M, et al. Effect of
wavelength on discomfort glare from monochromatic
sources: UMTRI-1989-3 [R]. USA: The University
of Michigan Transportation Research Institute, 1989:
1-20.

Flannagan M J. Subjective and objective aspects of
headlamp glare: effects of size and spectral power
distribution: UMTRI-1999-36 [ R]. USA: The
University of Michigan Transportation Research
Institute, 1999: 1-14.

Bullough J, Derlofske ] V, Fu Z. Discomfort and
disability glare from halogen and HID headlamp
systems[J]. SAE Technical Paper, 2002: 1-4.
Kimura-Minoda T, Ayama M. Evaluation of
discomfort glare from color leds and its correlation

with individual variations in brightness sensitivity[J].

Color Research &. Application, 2011, 36 (4): 286-

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

132301-7

294.

Yang Y, Luo R M, Huang W. Assessing glare, Part
3: glare sources having different colours[J]. Lighting
Research & Technology, 2018, 50(4): 596-615.
Bedocs L, Einhorn H D, Fischer D, et al.
Discomfort glare in interior lighting[ R/OL]. Vienna:
International Commission on Illuminating, 1995: CIE
117-1995 [2019-01-017. http: / www. cie. co. at/
publications/discomfort-glare-interior-lighting .

Tian H J, Hong Z, Hao T T, et al. Method for
glare measurement based on a digital camera image in
lighting [ J].
Progress, 2019, 56(2): 022201.

MHostn, B, ARATHN, 5. B THEAAILE G N =
PRI RZ DI & 07 e T g [T WOt 5ot T et
J&, 2019, 56(2): 022201.

interior Laser &  Optoelectronics

Cai H, Chung T. Evaluating discomfort glare from
light
Research & Technology, 2013, 45(3): 267-294.

Tian H J, LiuJ X, Hong Z, et al. Dimming method
for R/G/B/WW light emitting diode based on four

non-uniform electric sources [ J]. Lighting

channels” pulse width modulation [J]. Acta Optica
Sinica, 2018, 38(4): 0423002.

H2S0R, Mg, dhR, 4. BT Ikoob w8 B R Y R/
G/B/WW 4 & &6 B MG @I D], e
i, 2018, 38(4): 0423002.

Song P C, Wen S S, Chen Y C. Research on color
mixing based on RGBW-LEDs []].
Sinica, 2015, 35(9): 0923004.
REEAR, SCi ik, BRAUE. T RGBW U LED Y
REHFE 1], Je2e2E4), 2015, 35(9): 0923004.
Boyce P R, Hunter C M, Inclan C. Overhead glare

Acta Optica

and visual discomfort[J]. Journal of the Illuminating
Engineering Society, 2003, 32(1): 73-88.

de Boer ] B, Schreuder D A. Glare as a criterion for
quality in street lighting[J]. Lighting Research and
Technology, 1967, 32(2 IEStrans): 117-135.



