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Abstract Based on spectra measured by the open-path Fourier transform infrared ( OP-FTIR) spectroscopy
technology, the two-dimensional concentration distribution of the gas in a Gaussian spatial distribution model was
reconstructed using the algebraic reconstruction technique ( ART) and the maximum-likelihood expectation-
maximization (MLEM) algorithms. Two evaluation indexes, the nearness and the correlation coefficient, were used
to analyze the reconstructive accuracy and anti-noise performance of the reconstruction algorithms. In the single-
peak concentration field of the gas, the nearness of the ART and MLEM results were 0. 177 and 0. 044,
respectively, while they were 0.263 and 0. 069, respectively, in the double-peak concentration field. The results
therefore indicate that MILEM is more suitable for complex concentration distributions. Conversely, at different
noise levels, the anti-noise performance of ART is better than that of MLLEM, which is more sensitive to noise.
Key words Fourier optics; open-path Fourier transform infrared spectroscopy; tomography; algebraic iterative
algorithm; maximum-likelihood expectation-maximization

OCIS codes 070.2575; 100.6950; 100.3010

1A - 0 1 4 52 508 ok B A L 9 4 A 5 B OP-
FTIR & AR 5 CT H AR A S A 7T LA 5w i iy & 25

TF ¢ e B A8 3 21 Ah COP-FTIR) )it % 4 R TE] 43 B 3 AN AL A it A, DT 108 o 5 118 — e ok
FLA ) R e RAUE oA AR Sert L A R AT R, O IR W AR 2 A

EJT%%‘{WJE A K n] AT 22 4 4 T e 0 45 A A i FHAS [) 14 J2 A7 0 5 0 L O B A HE SR A

HAHUZ PR (CT) F AR Gl BF FE % G000 45 30 i 54 T B0 K5 B8 A T] L H i 0 g 400388 1) 3

KmBHE. 2019-01-15; {8 HEF: 2019-03-11; FHBAH: 2019-04-02
BB EXARBIH¥IEAS (41775158) \E K &E MM & 1141 (2017YFC0209900,2018 YFC0214100)

* E-mail: jjtong@aiofm.ac.cn

0707001-1



% {5

P EEAMREGEMR AR Bk K2R 0128 &
KA (MLEM) 8357 73 3k o/ 30 /) b (SBEMD
Bk 2 m Al E (PCF) BT K = S5
(LTDYS LS, DL K AE ST A B /N — e (PWLS) &
P4 Todd 1 R ARTVARTS, [A] i Q%0
PR (SART) FIE & 2% Q&8 AR (SIRT) 57k
FA IR IS T 5 A2 S R o A
Thomas &5 il FH 47 B0 AN 52 56 2040 of ofe 1 A 4
FEAR (MART)., B % 8 W B ofe 2 R % &
(BIMART) il [] i 2fe 2 A 8 i i 4 R (SMART) 55
RHAT T A, Todd M R 4l MLEM 5 ik X} 37
W 3 10 B2 K S AR B HEAT T R R £ 2 W,
Schuetze &% & B T — Ff SQuAd 7 i, % OP-
FTIR M AR 52 AR MG A H T 3453 Ko
SR E SR E R RS s el R
P T O Y R AT S R LR Ok R
PR E A B BT, e S5 4R T —Fh ik
HEM ART 523, I8 HH F 50 i 57 00 2P oA
RUR 015 B9 8 A . AR5 R M B R A 5 S
Bk 2 (R K 2202 5 X B — Fh sl it — 2 5 ik kA7 L
B ez R [E) 2Bk 2Z 1R)  HeA

ARSC A0 R B A AR R ART 5 A
MLEM $83k X 465 7 14 506 | XSLUEE 2 147 2 (1] 43 A A6 78
MR B 2 Sy A AT A L O A T
WG bR Bk 0 I RS B AT AR . AR T OR A 4%
PR R PRR S 1 SRR AL T AR
JoE W KX AR By A ORI

2 ARG

2.1 OP-FTIR i AR K £ R E
fii ] OP-FTIR JGai 5 A 347 A M o B2 o 1
Mg EERE & Lambert-Beer B, Y18 KX P A% 4
1 R L T e ol R NS e R & G 85 & 2 4
2 E RS A Rl AR T #OP AR X TS
TRy 5T, FLET A1 S WIS IR D DA AR AEE
I(v) =1,(v)exp[—alv)ed ], @)
a(v) =alv)ed, (2)
Koo HUEEGT o) B T, (o) BT Sk
a (o) AR TCOC W 7 F I R 8 e hRE
WP sd NI 50 (v) HWOLTE,
FIHLLAME W 2 2 2% %04 2 HITRAN 2 4t 1y
S DA 17 s o R M 48 T 30 o D TG 3 855 2 4 (N
J3 U EE FDEAR S THRAS [ e BE AU B R o PR AR
HESETE . SR 2ZE R

N
L) =D [t —twlv, 0], (3

Koo, NI A o 00 s oo MR MEE i RO
O « AN AERE S o, TS AR
LA ;0 R FF E RBUR = LU AL S5
MRS EO A THE . X B 2 AR B 2
S 1 B F AUk B R T 3 SRR O AR A e (il
A ARATUT BEAR AR B ARV B2 . 1T R T AR e 1 d
AN IE ARG 5 A OP-FTIR Y6 i 47 AR 52
0 5t A5 2 09 D6 15 2E AT 2% A LG R AT AR 2 52
AV B2 1) SR AL A%
22 ARTHEEZFEE

FIA ART 5k 8 @ SR e Wk B A i &2
SRR BRI SR RN DX R HAk L R A3 L N = X
n ASHITA% (B 1), IF I 50T A P SR ik
JEE 3 A ¥ 50 H— 350, IS o 7 DU X8R 55 0 SO %
AR B AR R W B R

P, :Z\)Z,_,c‘_,, 4

A0, A OGRS ) DRI ERE e, H
555 A R PR AR B

ART BE MR SR B AR kA #2028
it — 2 5O B 4 58 L, I OP-FTIR J6 ik 44
AR £ AR AT ) SR B AR R0 vk B SR Ak
A ART BE BRI R

L (k)
Pii 2 Ziij
ji=1

S
Lk NERREFS 50 W IBRT LB 0~2,

™\

\\

Ck+1) (k)
D =B g

L, 5

L c, c, \

Pi

Bl 1 EEALT
Fig. 1 Reconstruction model
23 MLEM EZHEREE
MLEM 575 & AR KBl SK B 38y BE il iy — A
Gt EEE L, FESINL D IR 2K

0707001-2



ot % % i
SO O LR o B I R A R 2 RS UG THE TR ZV: C )
AR 5 2) SR 30 B e R AL 9 2 MR M R— = )

FIF OP-FTIR Y3 A I i 2Kk 45 79 145 FL 4y
R AR 4R A A MLEM L Y 8 40
N

(v M
G+1) c] l P

, (6)

Zz T e
R M H B ]

SRR A TR R 2k (2
N A SCHEEATIE A E S S50 I
E KR AT N A L85 -1 ek [O U5 (T

A(k+l) A(k)
Bl AT <0.5% , MEAR AL,

A(H

2.4 FEEIFMHIER

T E VA R A B AR E LT E
UTRE A I R AR E A [ L B A7 1 A% 14 B AR 13
22 AT 5 s 2 2. A BN, R
O oA 5] 5 e R Y — B By . o T AL
JE I P Z BT AH DG R B R SR BRI, T 110 4 G ik
SiR . TR I O . A IR YRR

‘E(c,—c,y
A= [, (7
2o(e) =i
(a)nl } 1 1 1}
— |+ H+ |-
il R NE NN BN A
I EENE IR EE
LT T T
—l‘f—i“l—‘l——f—
S i W 6 1 g
ol tlel~1~1n

®) 100 _
80 :
40 %
g
£ 60 30 &
g g
3 B
& 40 0%
Q
=
=}
©
1]
2

0

E((’]JL/\/Z((’JIL
Koo, NI PRS0 SRR s o) 3 2 A%

AR SRR L 5 ¢ v R0 T IR TR ARG ) SF- 289 A
JEE 5¢ e N T A SR IR A 1) S 2 UMUK BBE

3 O EA S g

fff L5985 2k FH Intel 15-7500 AL PR 28, DU,
8 GB 47, Windows 10 #:4E R 4t , BT A1 S k44 2k HI
Python sZ#i,

J9 T ART #1 MLEM W Fh 84 1 1 21 8 4%
FBLT 100 m X100 m A W 0] X 8, o W 01X dsk
KI5 N =n X n B MR X3, IR T IE A7
G AT E L R 2 R, B 2Ca) L LR
FoR NI I DA I g s R A A U o AR A

Clx,y | Qsxosyos0) =Qexp(—[(x —x)* +
(y —y)? /6", (9
K C oy y) R SR 0T R B 5 Q oMy g g DA R
(s y0) AU VE BT B A AR o Ry I W A B o 22

K 2(b) JEE7n 1 4 WE(E o 50 mg » m * P
LN B2, 4D B Y I SRR Y . b THR &
AT RRALCRE X RS T BE AR EA T T X = A E AL 3

Do

(=]
—
(=]

20 40
Length /mm

B2 () a5 (b) B SR )

Fig. 2 (a) Light path arrangement and (b) single-peak gas concentration field
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(b) effect on correlation coefficient R
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Table 1 Overall reconstruction accuracy under different grid resolutions

Nearness A

Correlation coefficient R

Running time T /s

Resolution

ART MLEM ART MLEM ART MLEM
5X5 0.236 0.073 0.972 0.998 0.153 0.061
7TX7 0.227 0.056 0.978 0.999 0.185 0.064
10X 10 0.197 0.055 0.981 0.999 0.236 0.066
2 AR PRS2 FE T 09407 AR
Table 2 Detail reconstruction accuracy under different grid resolutions
Peak value /(mg * m™*) Peak error /% Peak location error /m
Resolution
ART MLEM ART MLEM ART MLEM
5X5 39.7 45.3 20.60 9.40 4 4
TX7 38.7 44.6 22.60 10.80 5 5
10X10 39.1 45.6 21.80 8.80 4 4
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Fig. 4 Reconstruction results under different grid resolutions.
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Table 3 Overall reconstruction accuracy of different source locations

Nearness A

Correlation coefficient R

Running time T /s

Source location

ART MLEM ART MLEM ART MLEM

(75,25) 0.167 0.044 0.986 0.999 0.219 0.063
(53,53) 0.200 0.057 0.980 0.998 0.218 0.064
(30,70) 0.180 0.051 0.983 0.999 0.217 0.067
Mean 0.182 0.049 0.983 0.999 0.218 0.065

700, 3~ 4N T R [RUE A E 0 R A TR
IRy i

HI 2% 3 AJ T . > AU HE IR A T M DX 3 e
R 79 o 5 1 0 T Oy i R, A DG R BB Ol I
IV 5 T 224 5057 T W 00 X S8, £ 5 N, % A 7RG i AR
X R X BT Y AR HE R A T e X
BT BIOR e 9 B, Y R 4 AT Ol 5 2% L AT B
T Rk @R B, MLEM B 7e A B E R

1 34 38 3 BE Ry 0.049, F A ¢ R Eh 0.999,
ART B3k (14 X6 B A 43 51 28 0.182 F1 0,983, X % #
FEAS Tl (9 U 7 B R, MLEM B 3 10 4% {k & 2 kS
25 (O

Hi 3% 4 AT 72 A 6] 9 I8 40 8 Ak . ART B9
W iR 2% 21.67 % , MLEM B ¥ i 3 24 W {1
WR2EN 9.67% X W MLEM % ik % % 16 16 {5 A
T e B EERRR B 5 X T IR U o7 R R, R Bk Y

4 AN RVRALE B 20T TR

Table 4 Detail reconstruction accuracy of different source locations

Peak value /(mg * m ™ *)

Peak error /%

Peak location error /m

Source location

ART MLEM ART MLEM ART MLEM
(75,25 41.3 47.4 17.40 5.20 0 0
(53,53) 38.5 45.9 23.00 8.20 3.0 3.0
(30,70) 37.7 42.2 24.60 15.60 7.0 7.0
Mean 39.2 45.2 21.67 9.67 3.3 3.3
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Table 5 Overall reconstruction accuracy of different concentration fields

Nearness A

Correlation coefficient R

Running time T /s

Source location

ART MLEM ART MLEM ART MLEM

(55,75) 0.177 0.044 0.984 0.999 0.233 0.063

(35,55),(75,55) 0.263 0.069 0.964 0.998 0.228 0.065
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Fig. 5 Reconstruction results under different concentration fields.

(a) Original concentration field of single peak; (b)

original concentration field of double peak; (c) single peak, ART algorithm; (d) double peak, ART algorithm;
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Table 6 Detail reconstruction accuracy under different concentration fields

Peak value /(mg+* m™*)

Mean peak error /%

Peak location

Source location

ART MLEM ART MLEM ART MLEM
(55,75) 64.90 75.40 17.40 5.20 (55,75) (55,75)
(35,55),(75,55)  49.40,72.30 50.30,91.10 14.45 4.75 (35,55),(75,55)  (35,55),(75,55)
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Table 7 Evaluation indexes of reconstruction under

different noise levels

Nearness A Correlation coefficient R

Noise level

ART MLEM ART MLEM
0.3 0.402 0.352 0.929 0.936
0.5 0.656 0.527 0.872 0.885
0.7 1.134 1.498 0.706 0.585
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Fig. 6 Error analysis under different noise levels. (a) A; (b) R
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