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Table 1 Peak wavelength and full width at half maximum (AA)

of the selected monochrome LEDs

Peak Peak
No.  wavelength / s No.  wavelength / A/
nm m nm
1 385 9 13 577 17
2 395 17 14 590 13
3 405 19 15 600 15
4 420 16 16 610 15
5 435 16 17 617 17
6 450 19 18 625 14
7 470 24 19 636 23
8 490 32 20 645 16
9 505 30 21 660 16
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11 545 39 23 680 24
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Training and spectral reproduction in the fully connected network. (a) Process of spectral reproduction; (b) change curve of
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T o3 AT R 22 R LB $R 07 A OGS = BLA Rl
PSP 3 A0 4 v R BH G 3% A () — o 295 5 70 of BT 22
A TR S0 ' 1 AT A2 B, 22 S IO Y T 20 Kd L
22, Horp HAR G A0 45 15 K rh 24 I 20 B Ol 3 o3 A

B1 KOG 1% A1 R 3 26 A v K BH DG 23 A o i i WL
P Z B L B vl W 2 B LED KT B9 A [R] 48 5 i
A 30 AT PN ER AP R R CR TR PSR LN SR
QI I L1 SO 3 Y e AL 4L HE R LED B9 &R &R

1030001-4



£ 4335 £ 10 H1/2023 £ 5

~
&
=
(=]
T

08r ,, F "*-’N-\?\/\
.""’ %
06f + ¥ '

04 !

Relative radiation flux /
(mW-m=2-nm")

=
o
T

synthetic spectrum
« natural spectrum

0 1 L 1 1 1 1 1
380 420 460 500 540 580 620 660

Wavelength /nm
b c
ONN e © f
E_ os} E_ osl
g : g
=} £ o
o o06f A\ 5 o6}
L L
SE 04f : sE 04f
28 | BT
BE | : 5E
[} | 9 L
~ 2 synthetic spectrum ~ 0z » synthetic spectrum
. natural spectrum . B natural spectrum
380 420 460 500 540 580 620 660 380 420 460 500 540 580 620 660
Wavelength /nm Wavelength /nm

K3 AMI. 5.CIE-D65.CIE-A bRt 5 2 MGG A Xt . () AM1. 5;(b) CIE-D65;(¢) CIE-A
Fig. 3 Comparison of standard solar spectra of AM1. 5, CIE-D65, and CIE-A and reproduction spectra. (a) AM1. 5; (b) CIE-D65;

(c) CIE-A
(@) 15 (b) 14
. I~ . B o Y ol
~ "JV/ ,‘ g ‘Vj A -
- é TR e o] M s NEVR
2~ 08F e S 08f ; ; 1
=g ~x o =g : i
5 Y i .~ 3 ; ;
5;-: o6 X ¥ -/\'\'f'w,: gé; 06f ¢
. ; 0.4 ; s 04 Y
o 4+ [ 4} ¢ "
2 E B E :
S ~—~ ; F E ~—~
S 02F . S 02Ff ;
A~ : synthetic spectrum A~ = synthetic spectrum
« natural spectrum « natural spectrum
0 1 I 1 1 1 I L 0 1 1 I L Il 1 1
380 420 460 500 540 580 620 660 380 420 460 500 540 580 620 660
Wavelength /nm Wavelength /nm
© (C))
Lot Pes Lor A%
r _ AV 5 VN
ép 0.8} RIS éo 0.8} H ‘@
8 IE '.:A'/E“: " 8 IE ’ M\' /
55 06} / g: 06 ¥ \ S
g5 / gE : Uy AV
oE 04f & oE 04f ¢ :
5 E / =R
E ~—~ (’\,.t 'Q_‘Q ~—~ i .
Q ~ [ X3
B O2p synthetic spectrum = 02F synthetic spectrum
G « natural spectrum . natural spectrum
0 1 1 1 1 1 1 1
380 420 460 500 540 580 620 660 380 420 460 500 540 580 620 660
Wavelength /nm Wavelength /nm

P4 A [ — B 2K AN [ ik 220 S 00 11 4 08 45 5 BIDE TS A [ . (a) 6:005(b) 11:005(c) 18:00;(d) 19:30
Fig. 4 Comparison of measured natural spectra and reproduction spectra at different time on the same sunny day. (a) 6:00; (b) 11:00;
(C) 18:00; (d) 19:30

M4 EFENASFAH L& T ZETL, &G F %3 440 nmyE FBIAFERNE, HAES M a2 % En
36, 1 1 I & B Ay A8 Ak 5 A T S % 4 A 7E 400~ Wsh FREE Y, R, H B & BN 54:44:36:72: 39:

1030001-5



53:44: 50 e /N A B BBl S T H ARG B0 g
Pedh LG o B0 I8 2 0T SO 3% i 2 A oE K BHDE
SR H TR O A5 B A OIS A RO

£ 435 F 10 H5/2023 £ 5 A/ F 2
WAL, I HAR SCHE B pe a2 0. 95 A b, U A RO R Fae
HEwh.

F2 WTO RS B ARG L
Table 2 Target spectrum reproduction results used in simulation experiments

Target spectrum R* Optimal combination ratio
Sunny day, 6:00 0.9520 26:1:56:53:47:75:73:55:43:36:66:34:41:33:36:30:26:17:34:20:23:18:29
Sunny day,7:00 0.9570 17:0:52:48:43:73:72:55:43:36:69:17:45:36:41:35:29:21:39:25:28:21:35
Sunny day,8:00 0.9512 30:1:62:57:49:77:74:53:42:33:61:32:39:29:33:26:19:15:26:11:12:12:11
Sunny day,9:00 0.9515 25:0:58:52:46:75:73:53:43:34:65:35:44:34:38:31:23:19:32:18:20:14:21
Sunny day, 10:00 0.9631 3:2:47:41:36:70:71:54:45:36:74:40:54:46:51:42:33:30:48:36:41:24:51
Sunny day, 11:00 0.9627 4:0:48:41:36:70:71:54:44:36:72:39:53:44:50:41:32:30:47:35:39:23:49
Sunny day,12:00 0.9548 23:2:60:53:46:77:73:53:42:33:63:34:42:33:37:39:22:18:30:16:18:14:18
Sunny day,13:00 0.9596 5:8:49:42:36:70:71:53:44:35:71:37:51:42:48:39:30:28:44:33:36:21:45
Sunny day, 15:00 0.9527 32:1:66:59:49:78:74:53:40:31:58:30:36:25:30:24:17:12:23:8:8:12:05
Sunny day, 16:00 0. 9604 16:0:55:52:46:76:73:54:42:34:65:35:44:34:39:32:25:20:35:21:24:17:28
Sunny day, 18:00 0. 9855 0:0:22:24:22:45:48:41:37:32:67:38:51:42:51:42:40:31:58:44:54:30:76
Sunny day, 19:00 0.9763 0:0:28:28:25:48:50:42:35:30:60:32:42:35:40:36:35:24:51:40:47:31:72
Sunny day, 19:30 0.9726 17:0:49:49:46:75:74:56:42:34:54:24:26:26:22:18:23:12:31:27:29:21:45
Cloudy day 0.9522 4:0:31:31:27:51:50:43:34:31:64:36:40:31:38:38:33:20:44:29:32:29:45
CIE-D65 0.9812 0:0:51:48:45:84:76:51:43:36:63:33:41:31:38:27:28:20:34:23:29:17:32
CIE-A 0.9815 4:1:4:5:8:11:14:14:21:14:37:32:40:38:43:33:29:34:51:46:65:18:89
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Fig. 5 Comparison of spectrum reproduction between fully connected neural network model and genetic algorithm. (a) Coincidence

comparison; (b) fitting time comparison
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Abstract

Objective  With the continuous development of light sources based on light-emitting diodes (LLEDs), the demand for
illumination has shifted from initial environmental protection and energy conservation to healthiness and comfort. Sunlight
is commonly considered to be a perfect lighting source due to its full spectrum characteristic, which not only is most
suitable for human visual and non-visual needs but also is widely used in plant growth experiments, phototherapy
equipment research, photovoltaic cell testing, camera fill light, etc. In recent years, realizing a light source close to the
solar spectrum has become a new development goal of semiconductor lighting. However, due to low algorithm accuracy
and operation speed, the existing spectral reproduction methods cannot flexibly reproduce the spectrum to meet industrial
needs in practical applications. Therefore, we propose a method based on a fully connected neural network (FCNN) to

reproduce natural spectra with high accuracy and speed.

Methods In this work, in order to reproduce the natural spectrum accurately and quickly, a neural network with strong
nonlinear fitting ability is proposed to complete spectrum matching. First of all, according to the characteristics of the
continuous wide band for natural spectra and spectral distribution for monochromatic LEDs, 23 monochromatic LEDs with
different peak wavelengths and full widths at half maximum are selected to make up for the natural spectrum. Then,
according to the modified Gaussian distribution spectrum fitting model and spectral superposition principle, different
spectral data as the training set and test set for the FCNN model are generated by using monochromatic LEDs' spectra. On
this basis, the trained FCNN model that fully reflects the proportional relationship between the synthetic spectrum and the
light intensity coefficient of each monochromatic LED is constructed, which can reversely obtain LED ratio parameters
from the synthetic spectrum. In other words, the method based on FCNN can obtain the corresponding proportional

coefficient of monochromatic LED light intensity for the input target spectrum and then realize spectral reproduction.

Results and Discussions Firstly, the wavelength of 380-680 nm of the standard solar spectrum as the target spectrum is
reproduced by using the proposed method based on FCNN. The results demonstrate that the fitting correlation indexes of
the spectrum reproduction results for the standard spectra AM1.5, CIE-D65, and CIE-A are 0.9670, 0.9812, and
0.9815, respectively (Fig. 3). In order to verify the applicability of the proposed method for different spectra, the
proposed network model is used to reproduce more natural spectra measured in different time periods, which reveals that
the fitting correlation indexes of the reproduction results for the spectra at 6:00, 11:00, 18:00, and 19:30 are 0. 9520,
0.9627, 0.9855, and 0.9726, respectively (Fig. 4). In other words, whether it is for the measured spectrum or the
standard solar spectrum, the synthetic spectrum obtained by the proposed method based on FCNN can be highly similar to
the target spectrum, and the correlation index can reach above 0.95. In addition, the fitting accuracy and time cost of
natural spectrum reproduction using the proposed method are further compared with that using an intelligent optimization
algorithm. As a result, the method based on FCNN not only has higher accuracy stability but also requires less fitting time
than the genetic algorithm (GA) for spectrum reproduction (Fig. 5). This is because the FCNN can save the network
parameters and fully reflect the relationship between target spectrum and the monochromatic LED scale coefficient, and
the model after training can be used directly to reproduce natural spectrum with small time costs. The results show that the
average running time of the proposed method is 0. 04 s, which is several times faster than the method based on GA in

reproducing different natural spectra.

Conclusions In this work, a method of natural spectrum reproduction based on FCNN is proposed to overcome the
weakness of long fitting time and low accuracy stability of the current matching algorithms. After successfully training and
testing the superimposed spectral data of 23 monochromatic LEDs with different peak wavelengths and full widths at half
maximum, the FCNN model for natural spectrum reproduction can be constructed. On this basis, the standard solar
spectrum and measured natural spectrum at different time are reproduced using the FCNN model and compared with that

using the spectral matching method based on the GA in terms of the fitting time and fitting accuracy. The results show that
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the correlation index of the reproduction results using the proposed method based on FCNN can all reach above 0. 95, and

the running time required for reproduction is all less than 50 ms for different natural spectra. Furthermore, the proposed
natural spectrum reproduction method based on FCNN has higher accuracy stability and requires less fitting time than the
GA. Therefore, the method proposed in this work can reproduce different natural spectra stably, efficiently, and

accurately, which can provide a new solution for the development of light sources in full-spectrum illumination.

Key words spectroscopy; natural spectrum; LED; neural network; spectral reproduction
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