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combines the transmittance stable range and the spectral width threshold to adaptively select the effective
band of the measured gas. The nonlinear least squares fitting method is used to invert the concentration of
each effective band and analyze the residual to obtain the concentration inversion results and their weights of
each effective band. The accurate quantitative analysis of the concentration of the measured gas is realized by
weighted averaging. The algorithm verification experiment is carried out. The results show that the stability
coefficient of the adaptive multi-band joint concentration inversion algorithm is 0.997 6. Compared with the
traditional single-band and multi-band concentration inversion algorithms, the root mean square error of the
inversion results is reduced by 64.44% and 41.52%, the mean relative error is reduced by 65.97% and
46.72%, and the mean absolute error is reduced by 66.32% and 47.74% respectively. It can be concluded that

the inversion accuracy and stability are significantly improved.
Key words: effective band selection; residual analysis; weight average; adaptive multi-band joint concentra-

tion inversion
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tion inversion algorithm
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Fig.4 (a)to (j) are the measured and theoretical transmit-
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tance spectra of N,O gas with different concentra-
tions, where 1 to 2, 3 to 4 and 5 to 6 are the meas-

ured effective band ranges
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Tab.1 The measured and theoretical effective bands of N,O gas with 10 concentrations and their error analysis

e g S R BE(em™) BCA R B (em ™) [X f] {522
2.8% 2144~2176, 2519~2600 2141~2173,2520~2600 <4cm’
3.0% 2144~2176, 2518~2600 2141~2173,2520~2600 <4cm’
3.2% 2143~2176,2518~2600 2141~2173,2520~2600 <4cm’
3.4% 2144~2176, 2518~2600 2142~2174, 2520~2 600 <4cm’
3.6% 2143~2176,2519~2600 2142~2175,2519~2600 <4cm’
3.8% 2144~2176, 2519~2600 2142~2174,2519~2600 <4cm’
4.0% 2144~2176, 2519~2600 2144~2176,2519~2600 <4cm’
4.2% 2144~2176, 2519~2600 2144~2176,2519~2600 <4cm’
4.4% 2144~2176,2430~2491,2519~2600 2144~2176, 2430~2492, 2519~2600 <4cm’
4.6% 2144~2176,2430~2491, 2519~2600 2144~2176,2430~2492, 2519~2600 <4cm’

42 BENZKEBEEIRERESLR

AR VAR BN, 44% 5
4.6% W& NLO SR SN A 3500k B A~k 3,
‘B 8 Pk I (2.8%~4.2%, W R A 0.2%) N,O
SARRIE R BAECN 20 HEEL 2.8% LUK 4.4%

(a)

0 09 — Measured spectrum

207 —Fitting spectrum

<
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&

E 0.3
_ 0.1
S , , , \
"5 0.028 W
& —0.023k . . , E

2144 2152 2160 2168 2176

Wavenumber/cm™!

W BE 1) NLO SR E AR SR, 43 HITEHA 3K
W B T AR LM N AU L S5k 25 3T o

Kl SCREEI DL TR R - 2.8% WREEIY N,O
TRAE LA RO B 6 0L 45 R e Lk 2=
fiis

A

~
=2
-

0.9
0.7
051

0.3 1 — Measured spectrum
01l — Fitting spectrum

0.033 [ ' ' 3
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Bl 5 2.8% B N,O SARTEA R B (a) 2144~2176 cm™ J% (b) 2519~2600 cm™ HIGHEHL A 45 5 K Himk 25 /04

Fig. 5 The spectral fitting results and residual distribution of N,O gas with concentration of 2.8% in the effective band of (a) 2 144

t0 2176 cm ™ and (b) 2519 to 2600 cm™
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Hh 2.83% 5 2.72%, 5% 22 °F-J5 #4351 R 0.062
55 0.126, #E 1M AT LATHE AL R4 51 0.67
55033, FFHARCA B [ 18 0 22 U Bk A vk B T
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(1) NLO A AT R B i LA &5 1 S
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& 6 AT, 7E A A0 BE 2144~2176 cm™! |

2430~2491 cm™ LA} 2519~2600 cm™' P (1% 57
PR BV B R 25 R R 4.43% 4.37% LU %
4.48%, AT R B4R 0.41, 0.39 DL K& 0.20, %
HACAZ [ 18 N 220 B A e B I 3 Bk rp T LA
ARIFUR E S A5 RN 4.416%.

A LR ERAERAS 43 10 Fh vk B (2.8%~
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Fig. 6 The spectral fitting results and residual distribu-
tion of N,O gas with concentration of 4.4% in the
effective band of (a) 2144 to 2176 cm™, (b) 2430 to
2491 cm™, (¢) 2519 t0 2600 cm™

HIEE 2 AT, W TR 2L SR, FE N 2
e BERAS U B S I A R A Gk B S I 45 R T
AT FLSAE, AEGF T S8 MR, A GEHk S i 3
LSRN 0T B R A R S A R
FULHR AR M2, 2200 T anlel 7 BoR iR 2273
il

T P 7 AR, 2 I BEHR A v
SERAE A b BT T H S, (HRAERR
WL B SR A RAR IR . N T LB A

T M DL R R THORS B ) B DAY, e HRURSE R B
R, ¥J %22 RMSE, 346511225 MRE DA K
S B R 1% 25 MRE X 45 ¥ 88 I 16 8 3k i 45 08
Hro HTLE 10 B E NLO I A R B 4 23
AT AL 5E PRk Bk B B i, PRI R A i S Oy 22,
T 325 N 22 0 B A Wk P B TR 1k S A% e 22 i B
W R AR REA R S O 10, 3 3 8 3 R
TR 2SR,

*2 RGRERSESRLZEBURBENSZREEKS

RESUREER
Tab.2 Inversion results of traditional single-band, tra-
ditional multi-band, and adaptive multi-band

joint concentration methods

B BRI
pogeqy TEEAMBOKIE (RSB RIS R
TN mmRe,  mwsRc Ty P
C=2.83% H,=0.67
0, 0, 0,
2.8% G272 2.775% Hm033  2794%
C=2.93% H,=0.78
0, 0, 0,
3.0% C=3.13% 3.030% H=0.22 2.968%
C=3.15% H,=0.85
0, 0, 0,
3.2% Crm335% 3.250% Ho1s  >180%
C=3.35% H,=0.88
0, 0, 0,
3.4% Crm326% 3.305% Heo12 3339%
C=3.63% H,=0.89
0, 0, 0,
3.6% Cm351% 3.570% Ho11  616%
C=3.83% H,=0.78
0, 0, 0,
3.8% C=3.89% 3.860% H=0.22 3.843%
C=4.03% H=0.91
0, 0, 0,
4.0% Cm3.88% 3.955% Hm0g9  4016%
C=4.17% H,=0.87
0, 0, 0,
4.2% C=4.31% 4.240% Hy=0.13 4.188%
C=4.43% H,=0.41
4.4% C=4.37T% 4.427% Hy=039  4.416%
C=4.48% H3=0.20
C=4.61% H,=0.73
4.6% Cy=4.55% 4.560% Hy=0.18  4.591%
C=4.52% H3=0.09

* Traditional single-band concentration inversion
0.24 | @ Adaptive multi-band joint concentration inversion
' 4 Traditional multi-band joint concentration inversion
*

0.12 * «
a4 s % 3
A

» > X
* [k X

*
0 S
x %

KW @K

¥ A
*

Error/(%)

* >k

—0.12

*

—0.24

2.6283.032343.6384.04.2444648
Gas concentration/(%)

K7 ARG B S e gt 22 i Be A K A 38 N 20 B Bk B 1Y
YR JE A RAR R T B S H R 3R 22 A

Fig. 7 The error distribution of the traditional single-band,

traditional multi-band, and adaptive multi-band joint
concentration inversion results compared with the

real values
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SRR TR . SRS BORN 2 Bk
SESARAR L, A 38 N 22 i BRI vk 8 i i B vk
) RMSE 43 5| B % T 64.44% 5 41.52%, MAE
SRR T 66.32% 5 47.74%, MRE 43 SRR T
65.97% 5 46.72%, VWA SCH 2 B A B0
OB

R T 2R 0 22 0 B A T T
B S M, X 2.0%~2.6% L) K 4.8%~5.8% ¢
JE N,O SARIEAT H 38 1V 22 5 BB Wk B S 7,
B HEE R 53 2 2.8%~4.6% HEEE NLO AR HY
ERANEA =3/ SEN N EE ST RPN pa i
e 8 CE & WIHFI L FRR) TR

R3 BGEREESEGEZREREREUARBENS
R A IRERORE TN R

Tab.3 The evaluation results of traditional single-band,

traditional multi-band, and adaptive multi-band

joint concentration inversion algorithms

S R RMSE MAE MRE

28 PP B J8E S it 22 0.9820 0.0796 0.0686 0.0191
R ZPWBIREGWBERE 10 09928 0.0484 0.0442 0.0122
1938 N 2 P BUBR SRS S 10 0.9976 0.0283  0.0231 0.0065

R W B B Bk O PR 45 2R, e rp BORMAT AT 9
TE A R I A A A JBE IXCTR), ORI IS B BUfE
TR DN AR B BZ D

Fz 4 FREIRE N,0 HHEXEREH
Tab.4 The correlation coefficients of N,O with differ-

ent concentrations

W (EESS 3
2.0% 0.999177
2.2% 0.999 622
2.4% 0.999286
2.6% 0.999139
4.8% 0.999201
5.0% 0.999 148
5.2% 0.999172
5.4% 0.999379
5.6% 0.999 485
5.8% 0.999521

x5 S0,5 COMBENZKEREKARERERET

NER
Tab.5 The evaluation results of CO and SO, by adapt-
ive multi-band joint concentration inversion al-

gorithm

-o-Experimental results of 2.8% to 4.6%
concentration(interval 0.2%) of N,O
@ Experimental results of 2.0% to 2.6%
and 4.8% to 5.8% concentration of N,O
T 5.801% 4

E 2.588%
£2.223%0% 4| g0

E %1.983% o
22263034384246505458
Real results/(%)

P8 1 B 2 Bk 13 Y B S 2 R 23 A 2k

Fig. 8 Distribution curve of adaptive multi-band joint con-

0

Multiband joint concentraion inversion/(%)

centration inversion results

T A 5 R BN 2.0%~2.6% Fi1 4.8%~5.8%
W NLO 1Y 3 N 22 I Bk A vk B S i 45 2
JERT 10 Fhifk JF (2.8%~4.6% ) N,O A Jz 1 45
(RAH DGR BE EATITAT, 255 a0 3% 4 i

26 4 T, 2.0%~2.6% Fl 4.8%~5.8% e FF
N,O X N A AR REII LT 0.999, 7853156 B R fif
8 NLO AR SE v B X [1] 2.8%~4.6%, [ i
N7 25 % B IR VA I S T AT AR A

5 AARRIVEEE SO, 5 CO 1Y F 3k b 2 9% Bt

Sk Al R RMSE  MAE MRE
SO, 1%~10%/1%  0.9652  0.0393 0.0237  0.0172
CO  0.1%~1%/0.1%  0.9943  0.0205 0.0147  0.0065

FH 3% 5 AIAL ZEXT CO #E AT [ 3 by 22 9% BEEk
v B RO BT, Sk MR E REC R O 0.9943,
T SO, 4 0.9652; RMSE. MAE LA &% MRE %3 %
}90.0205. 0.0147 L% 0.0065, /NTF SO, ARy
0.0393. 0.0237 AKX 0.0172, X2 NIEHITH
T8 I 22 % BRI Wk B IR, T SO, HEREE
CO, MLIAMI IR F A, 23 LIRS, 33
XF SO, S MRHEAT B2 i I BV RS FE 5 A e MR AR .
X CO HFAT ST i, FL T Ah W i e 5 31 5% vh
CO, MILLAMR IS FR 5 84, SO 37 E B
AP IR B ShaE v

5 &% #®

ARTCHR T R 1 3 0 2 I8 Bk 5 vk R i
Bk, BEARE I R E X ] 0.1~0.9 KK TE
BB 32 om! I AT S SN A A R0 B Y
FUE N e, SR IHARS M/ N — IR G Tk 1
A5 2 Bt A e R B A S Bk 22 23 A
ARG AT R U B e JE S 3 4 2R b AR, s it
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